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iki inte!grntcd incthod is prcscntcd f o r  tlic synthesis of 

cnginecring systcrm wlicsc analysis may k cons t i tu ted  .as 3 

systcm of lincrir o r  nonlincar algebraic equations. 

accon~plislicd by cas t ing  tiic niinlysis problem &as a rcsidunl 

ninimization subject t o  iiicqiinlity constraints on bchavior ‘and 

merit, .I rational scl~cmc is dcvclopcd fo r  convcrtiiis tiicsc 

constraints into pcnal ty  functions a id  thc rcsultin!: i n c o n s t r a i n c ~  

miiiiinization problem is solvcd f o r  a tlccrcasing scqucricc of  merit 

constrailits idiidi lcnds t o  3x1 o p t i v m  design. 

This is 

~ i c  m t ~ i o r ~  is il lustraitcd 11y tiic dcvcloprrcnt of scvcral 

capab i l i t i c s  f o r  tlic weight ninirnization of truss structurcs.  

Ilicsc include two d i s t i n c t  capab i l i t i e s  for  tlic sptlicsis of a 

gcncral three Climns ional truss with an a rb i t r a ry  numbcr of 

r;orlcs, nrmbcrs and topolo.gy. Tlic design snr iab les  consiifcrcd 

arc t h c  d i a m t c r  and ml1 th ich icss  of cadi tulmlnr rcrnbcrj and 

tlic fa i lure  mdcs t h a t  arc considered arc csccssive displncemnt,  

yiclding, columri I)tickling, ~ l d  loca l  crippling. 

Zhtcrial  and gcomt r i c  non l i ixx r i t i c s  nrc included i n  sone 

of thesc cnpabi l i t i cs  and oiic provicics for tlic optionnl linking 

togctthcr of various &sign pnr;imtcrs. 

Thc r c su l t s  of s c sc ra l  nruiericnl cxnq3les a r c  prcscntcd, 

’ Tlicsc rlcmonstratc thc operation niid cCficncy of thc  mc-tliod. 

A rrctIioc1 is  prcsci,tcd for  u t i l i z i n g  cx i s t ing  m n t r i x  

nsscmblcrs i i i  conjunction with tlic intcgratcd mthod. 
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Tlic sphols :ind notation given bciow a rc  thosc which 

have a mrc or  l c s s  iuiifom rreming throu~hout  t!ic tcxt,  

nwbcr  in  pnreiithcscs following thc description of SOJX of tfic 

The 

synliols re fers  t o  thc cquntion i n  i;riiich it  f i r s t  appears w d  

idicrc it  is usu;illy clefiiicd i n  Jetnil .  

syniboi incIicntcs a vector, i . c . ,  

thc  s p b l  V+ 

00 = {a$/sx,, ,.. a+/ax,J; thc function c s >" is thc brnckct 

ftuict ion (scc 2.6 :uid prccccrling) , 

Tic arrow ovcr ;I 

x = { y l '  x2, ... s} -* 

; 

intlicntcs tlic gmdic i i t  of  the function i .c, 
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--* 
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A e  [ e a  Rnck!:rotuid 

To proclucc s y ~ c r i o r  dcsigiis has long bccn n gonl of the 

cnginccr. 

mor% dim oiic ticsij:ti solution it  is oftcii llccmd desirable to 

choose thc  I,cst possible solution to thc problcn, ‘Ihis qiicst 

for tlic optimm dcs ig i  l ins tnkcn nniiy form and lins cnllcd lipon 

R wide var ie ty  of tcduiiqiies. 

rcccnt ly  cvokcd stronq in tc rcs t  is niitorintccl qitimurq tlcsicn 

.syiitlicsis :IS i t  will :IC c:illcJ in  tliis !i;i;zrs 

conccpt cfinmctcrizcd by thc idea that  tcc!niqucs cm 1)c Jcvc1o;~cd 

t!int tiill I c d  incsorn!)ly t o  an o;>tinim 1lcsiy.n iri wcli thc s:iix 

way t ha t  :rn:tlysis ldnris  t o  n ;ircc~iction of tlic ~xiiwior of t k  

1z~tIiemntic;rl r:odcl (;inJ hopefully o f  the rcnl systcn),  

choicc o f  die word “syntlicsis” for t!iis conccpt is a s  nn :~ntoriym 

of tlic i ~ o r J  ”ruinlys is“. 

In s i t l i n t  ions wlicrc tlic rcquircrwnts of a task pertnit 

‘he  clnss of tcchniqucs rihich !ins 

or 

Syiitlicsis is n 

Tlic 

Slntlics is has nrinloqous ctrnrnc tcr is t ics \ v i  til onolys i s  i n  

t l i n t  j u s t  as an annlysis ~ i : y  not predict  n fnilurc mtlc or 

plicnoixnn tlint i t  :C;IS riot p w r n l  cnouqli t o  cons itlcr, n spt!icsis 

will not prodticc n llcsi!:n \<hidi i t  is not nhle t o  consider. 

n dcsign proccss cm bc cn1 Icd syntlics is r i k i i  it leads :vi tliout 

i u ~ c r t n i i i t y  t o  n more o r  lcss iuiiquc I-csult d~ ic l i  is the bcs t  

Thus 
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possiblc design from soiiic r c s t r i c t cd  c l a s s  o €  designs. 

cussion o f  scm of  tlic IROE ptiilosopliicnl nspccts of optimizntion 

will IE found i n  scction 13 of Chapter I. 

A dis -  

By <and large synthesis tcchniques to dntc hnvc bccii so-called 

d c s i p  spncc* types, I11 these, an ortIiogonn1 sp:icc is visualized 

i n  rihich each coordinate rcprcscnts onc - dcsiRn sarinble.  S t a r t i ng  

from n givcn point ( i+c,  dcsign) a path is p i c r a t e d  which lea& 

t o  a11 optiriun design. I n  this space surfaces arc irnagincd upon 

which endl dcsign fins cqual writ.  

of n s t ruc ture  is tnLcn ns i ts  mc:isurc of mr i t ,  the design space 

will contain surfaces of cqual wigfit cIcsimts. Sotc tha t  cwry 

point is ca l led  t i  design CWII i f  it cniinot pcrform t!ic assigned 

task o r  tasks,  Khcn n tlcsigii can perform its intended function 

For cxamlc,  i f  the ~ c i g h t  

. 

it is cnllcd an -table point o r  Jcsigit. ?lie corrplccicrit 

of t h i s  set of points is, of coursc, the set of  uiiacce;>tablc 

points. + 

In most rcnsonablc problem ~ h c s c  two s e t s  of  points arc 

separated fly n s ingle  surface ca l led  ttic coripositc consti*nilit 

surface. ilvcry nci~lilmrlioocl of  n poilit on t h i s  surfacc contains 
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points of both scts. 

p i n t s  and p i c m l l y  arc in  the sct of ncccptnhlc points. 

composite constraint  siirfacc is continuous but may have scms 

along which it does not have n continuously tuniing tangent. 

These scam occur bccnusc the surface is a pntcliwork of surfaccs 

each of izliicli rcprcscnts n J i f f c rcn t  dcsigii rcquircmnt or tlic 

s a w  rccjuircrcnt applied t o  a d i f fc rcn t  task or function. 

should bc I:LLZC! t l int  tlicse surfnccs often cmiriot be dctcmincrl 

The points of the surface nm ca l led  bouid 

The 

It 

;IS cxp l i c i t  functions of the dcsign vnrinbles. This fact  lends 

t o  som considcrahlc d i f f i c u l t i e s  as will bc discusscd below. 

"lie optirxm dcsigii is usually a poiiit on the composite 

coiistr;iiiit surfacc ;md is tlic bcst point of thc acccptnble sct. 

In otltcr rcords it is n poilit on the best i w r i t  contour Iiaviiig a t  

l e a s t  onc point in thc ncccptnblc rcgion. Tlic optiiirlrn may I= a t  

a point where the t,ui:;cnt t o  tlic coiistraiiit surfiicc is continuous 

o r  a t  a scam o r  ai intcrscction of scam. 

Tlic concept of the clcsign SIXICC hns bcai very useful in  tha t  

i t  Ii;is made it possible t o  bring to  bear a numlxr of  valunblc 

tcciuiiqucs fron tlic mnthcmaticnl pro!:rnmning nrcn  ami has a l so  

lead t o  the dcvclapriciit of ncw mctliods par t icu lar ly  applicable 

t o  cnginccring problems. 

A snapling of t h i s  work is rcportcd i n  rcfcrciiccs 1 through 

8. Tiicsc methods Iiavc gcner:illy bccn succcssfutl i n  solving the  

problcms set  down but tlicre lias bccn n trcnd toward increasing 
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t l i f f icul ty  :IS tlic cociplcxity of  tcdiiiolo!y o r  shccr s ize  of tlic 

problcm grws, Th i s  sccms to  bc duc hot11 t o  thc ;diovc ncntioncd 

lack of cxpl ic i t  1;iiowlccl~c of tl1c constmiat surlnccs nrid to  

tlicir cori;)lcsity. bi:~iis of thcsc rctIioAs arc ;irncticnl nttcmpts 

to  avoid thc nocd for c?t;)licit fruictiona1 rclntioris n r d  sone of 

t!ic morc rccerit xork riotnlily tlint of rnl~a!:~:cr c t  n ~ . ( ~ ) * ~ i a s  

sought to  otitniii a;y-,I-oxiwtc expl ic i t  l::io1~;1c~!~y of socc of tlicir 

pro:icrt ics 

Ilic priiiciplc des i y  spncc rethocls th:it !inw 1)ccii :i!>pIiccl 

to  tlcsigi :>roblci-is arc !;tcc,>cst Dcscciit-.lltcrnntc stc;) an3 

tlic "cct1ioJs of Tc;isilllc !)irectioiis ;inJ i ts  r n r i n n t s ,  Tlicsc will 

11013 1)c clcscriixxl nnd {liscussctl. 

1, Stccpcst ksccnt-. l l tcn1nte s tcp 
. Tiiis rictliod :ivoiiJs nriy nccd for c?iTlicit k ~ i o ~ l c d ~ c  of the 

conpositc constrnint surface. A point i r i  t?ic nccuptnblc region 

is chosen and n rcdcsigi is nndc (called n in n dircction 

riomnl to  thc constnnt writ surfacc family. This iicw design is 

~ i n l y z c d  niid tcstcd ngsiiist thc constr:iiiits. I f  tlic point  is 

nccepta1)lc and not boiuid (cnllcd n & poixt) aiothcr stccp 

dcsccnt mvc is mnrlc pcrlinps with s o w  accclcmtion. 

is coirtiiiucd u n t i l  n houuid point is obtninccl by i terat ion.  This 

occiirrciicc ends tlic stccpcst  dcsccrit mde a i d  thc n l  tcinntc stcp 

.mJc is ciitcrcd. 

lliis process 

Tliis consists of n sidc s tcp m a y  f r m  the 

* Rniscd niivbcrs in pnrcnthcscs intlicatc rcfcrences l i s t c d  a t  the 
.end of  t l l C  text.  
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constraint  to ;i f r cc  poiiit of tlic s:im m r i t  a:; the bound jmiiit. 

Siiicc thcrc is 110 IinoiJlcJgc of tlic oricntntioii of tiic cori;>ositc 

constraint  surfacc t h i s  s ide  s t cp  RKJW must bc mal!c by sone 

t r i a l  and c r r o r  proccss of gcncratin!: poiiits on t!ic coristrnint 

writ contour. 

of dcsigns licforc tlie sou;:lit n f t c r  frcc point is obtaincd. 

This !:lay rcquirc tlic analysis of a lnrgc iiunbcr 

Aftcr tlic frcc point o l  tlic :;am rricrit ns thc  bo~tlid point . 
is obtained thc stccpcst  dcsccnt roJc is rccntcrcd and SO on u n t i l  

no nltcmntc s t ep  cnii bc nndc. 'l'his tcminntcs tlic ;>roccss n ~ i d  

the  l a s t  bound point is thc  optirmi dcsiqn. 

This ricthod has bccn rclntivcly succcssful (l- 7, in p rob1 ciiis 

of small s izc  iihcrc tlic analysis could bc perfoixcd i i i t l i  r c la t ivc  

cnsc, nccntisc of tlic lnrgc n~mbcr of aiinlyscs idiicli usually r u s t  

lx? rindc tlic tccluiiquc tcrids t o  I)c less cf f ic ic i i t  n s  citlicr tlic 

sizc or corplcxity grows. 

2,  Tlic bbtliods of I~cas ib lc  Dircctions. 

Thcsc nethods :ire clinrnctcrizcd by thc  iisc of spcc i f i c  

local kiiowlcdgc of tlic oricritntion of the rionrinls t o  tlic constrain- 

iiig surfnccs t o  d i r e c t  tile rcdcsign proccss. 111 mst ciigiiiccring 

prolilcms th i s  infun!mtion must 1)c obtnirictl by sow s o r t  of f i n i t c  

d i f f i rcncc  o;xr:itioii about a bound point,  

pn r t i a l  o r  com;>lctc rcnrinlysis of :it l c a s t  as nnny Jcsigiis as 

tlierc arc  clcsign v:irial)lcs anti usually rco,uircs tr:.icc tha t  iuintbcr. 

This rcquircs  the 
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Tlicrc arc many w y s  in  i4iicii tliis infomntioii may bc used 

F i r s t  i t  is noted that thc  normal to d i r c c t  the iicxt rctlcsign. 

or normals t o  the constraining surfaces dcfinc loca l ly  thc  

"scp!icnt" of thc dcsigii spncc in to  ~diicti i t  may i)c possible to  

mvc without v io la t ing  tlic constrniiits. From t!iis concept, the 

various tccluiiqucs rmgc from opt i rn i z inn  tlic IP.OVC d i rec t ion  ( 3)  

t o  taking n fiscc1 choice('). 
rationnlc uscd t o  sc l cc t  thc zovc clistancc oiicc thc  d i rcc t ion  

~ i c  n:ctiiods a l s o  vary in  the 

is cstablishcd. 

n*ail)cr of dcsigns. 

This a lso nn)' rcqirirc tlic rcniinlysis of  n 

Tlicsc tcciiniriucs have t!ic very v:iliial>lc fcntiirc that  Idicn 

an optirnim i s  obt:iincJ thc ;irocess tcn'iinntcs i n  a cicfiriitc 

fashion siiicc, i f  thc only d i rcc t ions  of  iq.:,rorcni?nt l i e  outsiclc 

t!ic pcrmissihlc scgcoiit, tl:c d c s i p  is an optiniur. In cont ras t  

with t h i s  dcsirnblc fcaiurc tlic rctiiocls tcnd t o  suf fcr fron the  

iiccd for a lnrgc ninhcr of nnnlyscs nudi ns do tlic stccpcst  

dcsccn t - n l  tc nia t c s tcp T;x: t!iOdS 

The rrctliod put for th  i n  tliis ; q w r  is ;HI a t tcnpt  t o  maid 

tlic dcsign-analysis cycle in!icrcnt in  the Jcsi!:n spacc mthods. 

I t  will no doubt u l t inn tc ly  IIC c?ctcnnincd tha t  various ,cnginccring 

problcms will lxst bc solvccl by dificrcrit  inctiiods. Tlic mctliod 

of tliis pnpcr sliows Iironisc fo r  corplcx tccliiiologics and l n r p  

sys tcms, 
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1%. S o x  P ~ i ~ b ! ~ c u s s  ion 

k c a u s c  tlic endcavor t o  dcsigi  criginccriiig objects which 

a re  o;)titxz:t in  s o w  technical sciisc is :ui increasingly nctivc 

arc3 of rcsenrcli arid prac t ice  it Itas hmw:iit forth a nulti tude 

of in tc rcs t ing  questions of  both piiilosq~!iic:il mcf prac t ica l  

iq?ortnncc, 

;i qual i tn t ivc  lcvcl.  

t ion of 101ig hours of  coriwrsntion wi th  ;eoplc a t  Casc I n s t i t u t c  

of '~cclx~ology t o  a l l  oE xhon thc nuthor is forcvcr indcbted. 

This discussiott m y  l)c ski;)pcd !y t!ic rcailer v:ho rmits t:icrely 

t o  kriow whnt  rcscnrch w;is tlonc :id d i n t  .XIS nccorplishcd. 

The folloi.iing is a discussion of som of thcsc a t  

?fmy of  thc iJcns prcsciitcd a rc  n d i s t i l l a -  

Ihc 

author cxprcsscs tlicsc iJcas hcrc bcc;niljc thcrc n;iybe no o ther  

vchiclc i n  diicli such n cliscussion is a;nm;trintc. 

Thrcc quest ions d i i ch  scan iiicstricnbly intcrtwincd arc  

1) I;%y optimize?, 2) Optinizc t i i t h  rcs;)cct t o  d i n t  pmpcrty?, 

3) Ilo*w lnrgc 3 par t  of a systen should bc optimizcd?. 

Scttiiig nsidc f o r  tiic c o l x n t  thc qucstioti of rdtethcr it 

is actually possib tc t o  o p t i i l i x  thc  solution to  any cnginccriiig 

problcm the niiswr t o  'Wiy optiiiizc?" nay sccm t r i v i a l ,  

arc consillcring, for  cxmplc, n girr?cr britlgc for a highway 

application, thc lowccst cost bridy,c ihicli f u l f i l l s  _. n t l  of thc 

dcsign rcquircmnts has o h i o n s  ndvmtngcs. 

f i c ld  pack fo r  n foot so ld i c r  thc lizittcst possible p c k  which 

perform5 a l l  of thc  ncccssary functions a l so  has obvious cfcsir- 

I f  wc 

In thc dcsigri of a 
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ab i l i t y ,  

optimized wlicn ;UI importxit propcrty of the design is not or  

cannot bc spcci FicJ in ntlvaicc. 

Yius :it thc outsc t  o m  niiglit sny a design should bc 

I f  pa r t  of  tlic design rcquircrwits fo r  thc  girdcr bridgc 

wx-c t ha t  it cost  less than x dol la rs ,  oiic might consider t h c  

job finislictl wlicn such a brithge was dcsi!;ncd. 

w;is s t i l l  ~ 0 1 x 3  Jcsigi Iccwny I c f t ,  the desigiicr might cl~oosc t o  

widen tiic bridgc t o  thc widcst possiblc sizc to  increase safc ty ;  

or  hc iniglit 1~~7xii:iizc i t s  n.iint:ii:ini)ility or  l i fc  cspcctnncy or ,  

thc press o f  coqx t i t i o i i  licin? w1i:it i t  is, I IC ni!;lit s t i l l  clioosc 

t o  mininizc cost. 

rcciuircreiits a r c  txt, tlicrc is s t i l l  SOIX c lbo i~  room tlic dcsigncr 

mny choosc o r  hnvc clioscn for  hi17 SOIY t l c s i p  propcrty t o  optimize. 

Ilowxcr, i f  t1icr.c 

111 otlicr riords, i f ,  after 311 tlic dcsign 

Of course in som Jesizn sitiiatioiis rihnt is I c f t  t o  vary n f t c r  

mcctirig the rcquircixents is o f  no iiwortxicc. 

t o  ~!iicli optiniizntion is ncaninglcss. 

Tlicse arc problcms 

l i e  nbovc coiisiJcrritioiis I iow itlrcndy involvcd the  question 

o f  choosing n design ;)ro;xrty t o  optinizc. 

iiig an e a r l i e r  s t a t c w n t  oiic \iould say  that  n clcsigii s!ioulcl bc 

optimized with rcspcct t o  tlic n m t  i i p o r t a i t  J c s ig i  property wliicli 

is not spccificd in ndvnncc. 

. l m d i n g  aid invcrt-  

‘This m y  ‘SCCIII obvious but tlic 

cntdi is tha t  i t  is not all\mys ;I siiplc mittcr t o  dctcrminc whidi 

is tlic mst icu>ort:iiit property of  n clesigi. 



For C ~ : I I I I J I ~ C ,  nil airplnnc wing ixi!;Iit bc dcsidncd for rrtinieiuri d r q  

with ;I spccificd l i f t  o r  mnsii::um l i f t  with n spccificd drag o r  

miniriairn wig l i t  with specified drnz and l i f t  o r  t o  Iinvc tlic l i f t  

nirius t?ic w i g h t  n s lxc i f i ed  value aid nininizc thc dm!: etc. 

Questions of  lint property or conbiiint ion of  ;lropcriics 

arc the  most irciortnrit fo r  o;itii.iization brines OIIC t o  tlic qucs- 

t ion  of Iiow lnrgc n :)art of n con*)letc systciii should Ix: o;)timitcd. 

Thc wry cxistcncc of opcn-critfcd Jcs iy i  p r o x r t i c s  is tlic d i r ec t  

r c su l t  of thc  fact t h t  t!ic system is only n par t  o f  n l a rger  

cfcsipi problcn, 

bc t ry ing  to  ol)t:iin socx? t l c s i y  rrqriirci7cnt for  tlic d io lc  ship 

sucli as payload, range, s;~ccd o r  cost ; x r  ton rtlilc. 

s cc r s  v i r tun l ly  iytossibIc to  consicfcr ( a t  k a r t  nnnlyticnfl).) 

I n  ttic cx;tryle of tlic n i n l n n c  k;ii i l :  tic may ~ n l l y  

I!cc:itisc it  

tlic erit ire n i r f m m ,  acro4iinmic s l i ap ,  ctisiiies, control systcm, 

ctc. a t  once, thc prohlcm is broken in to  srinllcr ;>icccs nriJ 

linkcd to!;etlicr by various "mrit cri teria." 'Ilie mri t  cri teria 

arc chosen by cxpcricncc, i i i tuit ion and oftcn l)y sliccr cxpcdicncy. 

of cn:;incs optimizcd wit11 rcspcct Thus CUI nii;) lnnc Ixiilt 

wing s1in;x o1,tinizcd for drag and having n prescribed l i f t ,  aid 

n s t ruc tu rc  rlcsigticd n f t c r  thc ncrotl!.nn!~iic cnvclo;>c is dcsigncd 

nnd optimizcd for  wig l i t  night bc a good d c s i p  but \:ould probably 

not ltc optimum. 'Ihc c o u p l i n ~  mr i t  critcrin of fucl consuription, 

Jrq:, 2nd teigli t  a r c  sclcctcd to rcflcct thc goal of say t~iniinum 
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cos t  pcr ton-milc fo r  tlic coq,lctc sh ip  but ac tua l ly  they may 

only tcnd to  bring thc & s i p  in  that rtircction. I t  is usually 

cnsy to  coiivilicc oncsclf that  in dcsign problcns such as  an 

nirplnnc i t  is ~icccssary t o  hrcak the problcIn dom i n to  sr:inller 

sib-problcns tdiich a rc  l i n k c r l  toy,cthcr hy m r i t  c r i t c r i a ;  hut 

I i o ~  f a r  sfiould t h i s  hrcnki i i~  dowi bc cnrricd? 

has lxcn tha t  the lnrgcst  subsystcm timt c;in prnc t ica l ly  be 

A co171ron niismr 

Iinntllcd by nn atitorintic sljpritlui s!iould l x  optinizcrf. 

tlic author's q3inion tha t  t h i s  is  not t!w best  nnwcr t o  the 

qucst ion and the  fo1lo\<ing tlisciission is ;in a t  tc rp t  t o  illui,iinntc 

h i s  rcnsons. 

I t  is 

rfl die nl)ow, thc word "opt i r i ix"  has bccri uscd as i f  it 

\\%re n s o r t  of m;itl:cnat icnl opcrntion. 

problem could thcorc t ico t ly  hc solved, i n  n S C I I S C , ~ ~  tryiiig a l l  

ndinissiblc combiiintioris of  thc t1csi.g v;irinl)lcs fo r  thc sc lcc tcd  

dcs i fp  t p c  and picking the  cocdiinntion which y ie lds  a dcsigi 

which s a t i s f i e s  a l l  the  rcytircrxnts and g i w s  tlic bcst vnluc 

of tlic mrit  c r i t e r ion .  T h i s  r?ct!icxl, of coiirsc, is iq ) r ac t i ca l  

cvcn for  snnl l  i3rObbL!! xicl bcconcs i rpossiblc  for  problcins of 

:my p rac t i ca l  sizc. 

such a mcthod, thc optimization prolilcm is r ca l ly  still not 

solvcd bccnusc the sclcction of Jcsign Iias bccn made from a 

lirnitcd class, Tor cxnmnplc, iiwginc tha t  a i  o;itiimm truss stmc- 

tiire has bccn dcsigicd by t h i s  mctliod for  a givcn application; it 

I~VCQ* op t in i z ;~ t ion  

IIowvcr, cscn i f  it wcrc possiblc t o  i i t i l i ze  

. 
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i s  riot inconccivnblc that n st i f fcncd shc11 tzoiild I)c "inore 

optitixud' and n f t c r  tlic optinun s t i f rcncd shel l  was dcsiGicd it 

is possiblc that  tlw o;tti!an of sort n l top t l i c r  iici~ t}ix of  

s t ructural  systcn :iould bc cvcn bcttcr.  

to say that  knoxing tlic optiniiiii Jcsigi of n given type is usclcss, 

for  o t l icn~isc  how docs otie knois t l i i i t  tlw stiffcncd s h c l l  is  h c t t c r  

tlim tlic truss unlcss one conpnrcs tiic opt inurn of cnch? 

Of coursc, t h i s  is not 

Practical  optini2;ition is tlicn tlic sclection oC thc best 

of scvcr:il typcs of tlcsigi niid can be considered con;>lctc only 

~ l i c n  a l l  rcasonnl)lc tlcsigi tpcs  Iiavc bccn covpnrcd on :in o p t i m n  

basis Thus n civntivc e f for t  is nccilctl t o  Jcvisc thc bcst 

of ilcsign for n givcn n p l i c a t i o n  ;itid timi ttic thcorcticnl opera- 

tiori of o.)tir\irnt io!] is a;i;>licil to cadi type. iftCort~uiatcly, 

tlic thcorcticnl o;wr:itioit cnmot w u n l l y  bc carricd out corpletely. 

?.*my o;)timiz;ition alzori  t h s  idiidi nre bc t t c r  t l i nn  thc 

."try then all ' '  r-cthod Iinvc bccIi dcvclopcd mirl hnvc produced usc- 

ful rcsul ts  hiit as  thc i l c s i p  problems gct rorc  coqilcx t h y  are 

a l l  pnrt inl ly  fnis t ra tcd l y  n cormon eiicmy- -tile rc la t ivc aiinima 

(or mnxiim) , 

of scvcral clcsigns of s i p i i f i c m t l y  diffcrcnt  mrit, cncli of wJiic!i 

has no acccptnblc dcsigns of bct tcr  or  cqu:i1 mrit  in  some f i n i t e  

neighborhood of tlicn. 

one to c011c1uiIc hc has nn opt irium des iLn bccnusc tlicre appcnrs 

t o  lxt no rcdcsigrt possiblc, vdicn, in fact,  a large ,and pcrlinps 

Illis di f f icu t ty  is c1inr:ictcrizcd hy tlic existence 

In othcr \ioriLq tiic rclntivc niniinn causcs 
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iuicxpccted pcrturfut ion of tlic tlcsi;.,n sarinbIcs :.;auld rcsult i n  

an irq)rovcr:iciit a 

tha t  tlierc is no rcnl solution t o  t h i s  ;?ro'Jlcm short  of n c u l t i p l c  

nuuiing of tlic par t icu lar  algoritim fron d i f fe ren t  s t a r t i n g  points  

~Iiidi i n  thc  l i n i t  n;>proaclics tIic "try t:icri a l l "  nctfiod. 

:llmost iiithout cxcc;it ion 1%-orkcrs havc conclurkd 

Fnccd r ~ r i t l i  d i n t  sow (the author includcd) contcnd is t he  

inev i t ab i l i t y  of tlic rc ln t ivc  minima problcn, cvcn tIic auton!atic 

n l g o r i t h s  1c3vc the ;>roSlcrn of dcsig;  s t i l l  i n  the hands of the 

Iwmn designcr bccnusc hc riust not only ciioosc good Jcsign t p s  

but Iic nust a lso hcl;, the n lgor i t in  find its wny to the  best of 

tlic rclntivc nininx~. It slinuld bc notcc! t f i n t  r o s t  autonntic 

nlcoritlins nccd only t o  I)c put in tiic v ic in i ty  of n r e l a t ive  
rpir.it; - 
ninimn and tlicy will then cow-crzc t o  tha t  "iicnrcst" om.  Xiis 

nlcoritlins nccd only t o  I)c put in tiic v ic in i ty  of n r e l a t ive  
rpir.it; - 
ninimn and tlicy will then cow-crzc t o  tha t  "iicnrcst" om.  Xiis 

i n  fact i s  rea l ly  not too d i f fe ren t  fron asking tlic d c s i m c r  t o  

sc l cc t  tlic best dcsizn subtype, 

Zbst occurcnccs of rc1:itivc n i n i m  h:kw bccn shoia t o  be 

ciinrnctcrixd by 3i ffcrcnccs in dcs ig i  stBt)pc x i th in  a dcsigi 

typc. A notable cxannlc of  this s i t rn t ion  is found in  tlic vork 

of Sciimit and Kiciicr(Z1 

of n wafflc p l a t c  :r;crc d i n r n c t c r i x J  I y  tfic disti i lct ion bctticcii 

thick (iutstiffencd) 2nd th in  (stiffcncd) 'shcct dcsijps. 

ii~icrc tlic rc la t ivc  minim in  t11c design 

Thus i f  tlic tlcsigncr s t a r t s  of f  with n par t i cu la r  Jcsign 

aid from it the  nlgoritliti cvolvcs n s i n i l a r  d c s i p  with n 20% 

inprovcrxnt in writ hc can take comfort from thc 20% savin? but 
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lic must a l so  t n k c  the  respons ib i l i ty  as ;I c r m t i v c  cn!:iriccr i f  

it Jcvclops tha t  n considcrnltly CliPicrcnt s t a r t i n g  tics ipi 1c;ids 

to D rc ln t ivc  minima with :I 75% in;)rovcincnt i l l  merit over t he  

f i r s t  clcs is, 

'Ilicrcfore, ge t t ing  back to  tlie questian of !tor< large a 

subsystcn should bc optimized with :ui mto:natic algorithm, it 

is thc author's opinion tha t  it slioiild ba thc lar;r,cst one for 

~liicli tlic dcs ig ic r  1x1s a t  l c a s t  s o x  qrrnlitntive insight. I t  

is l i ke ly  tha t  a larl:c, corr>lcx crigiticering systcil i s i l l  1~ a 

be t t e r  c?csir:n i f  it is r?nJc up oE t r u l y  optinun subsystans 

linkcd toy.etlicr fy carefu l ly  coiisiJcrcJ w r i t  c r i t e r ion  thnn i f  

i t  is antooaticnlly tIcsi:yicd ns o~ ic  systcci over !ihish no one is 

wisc ciiou$ to I,c ablc t o  exer t  crcntivc control,  I t  should be 

iiotcd that thcrc docs not now e x i s t  a cnp;l?)ility so comprclicn- 

s ivc  as  t o  bc gu i l ty  of t h i s  crror and tlic point is macle only to 

csta1)lisii t h n t  t ~ i c  dcvc1op:wit OE c x t r c L ~ y  1:irgc c o i ~ ~ r c ~ i c n s i v c  

in te rd isc ip l  innry sy i thcs i s  c a p b i  1 i tics cnii not currcntly be 

vieiicJ a s  cvcii t hc  ultimate goal of sy~itl icsis rcse:irch, 

coursc, i f  thc day ai-rives i;hcn computers a rc  nnJe capable of 

crcntivc thought this poilit may nced t o  bc rcconsidcrcd (perhaps 

by thc conputcr i t s e l f ) .  

O f  



l i c  intcgrntcd rxtliod dcscrihctl i n  this chnntcr i s  applicable 

t o  cngiricering prcblcns for  rdiidi the analysis is consti tutcd as 

n systcn of algcbrnic cqtntioiis rc la t ing thc 1)olinvior variables. 

' h i s  iiic1uJes tlic large clnss of prol)lc!iis which arc naturally i n  

this foni as wll as thosc ;>ro!>lccs wliicli ;ire ordinar i ly  trans- 

fommd into such n systcm. 

prirwrily of s t ructural  cnginccriti: ;>roblci:is but  the irlcas estcild 

to  othcr ty:)cs of problci-s tcith so:ic rcscrlintions (scc scction E). 

Tic follor;.iiig dc~\vloo;)rciit is :I p i c r ; i l  onc :id docs riot rcfcr  to  

aily spcci f i c  tcchnoloy,ical nrcn, 

Ilic cxnrrlplcs in th i s  pnpcr arc 

Consider t!ic systeiii of crlt1:lticiis rcpresciit i n E  the ;uinlysis 

of SOIIC in&iccrin!: ;,rol>lcn 

+ +  fi("' a) = 0 

-+ ~ i l i c r ~  x is t!ic vcctor of  bciinvior vnrinl>lcs such ns stress, clis- 

;>laccnCiit, fio7,+ ra tc ,  or tcnpcrnturc ;:nd n is thc vcctor of dcsigii 

vnri;iblcs such as t l inratcr,  iiiductmicc, sprin! stiffness, 

otlicr iiiysicnl pro;>crty or  ':roup of pr-opcrtics for ru.liich NI 

ilidc;>clidcnt clioicc m y  tic nndc, 

+ 

or  m y  

Tor any well s c t  problcm, civcn 



I f  tticrc is a solution t o  thc prchlcrn it  will occur idicrc 

o ( S )  -+ !!IN = 0 

Tllcrc arc mnny tcclitiiqucs for solvinj; t!iis iuicotis t mincd  ciiilimiza- 

tiori problcm and soiix) of  tlicsc nm Jiscusscd i n  Clinptcr I I I ,  For 
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llic problcm docs riot ~ O \ J  hnvc n iuiiquc solution bccmsc them 

st " i - "  < 0  t = 1, 2,  n Y -  

- 0 - 0  < 0  t = n+l ,  , , , , 211 E t  y i -  

gt = d - "" 2 0 t = ,711+1, , , , 3 i + k  

gt = DL - dj - < 0  t = 2n+1(+1, . *,, 2n+2k 

I 
i 

j 

Tlic cons traincrl riiiiiiiiz;it ion problcm 

Find X strcli t ha t  thc noiuicgntivc fiuict ion 
+ 

-+ 
O(X) +"?W = 0 
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;1itd 

S t ( 3  2 0 t = 1,2, ..., T 
gcncrally 913s nxiy solutions. 

may iinvc only n "si~a11" rcgioii of solutions. 

solution the clcsign probicm as or ig ina l ly  stntctl hns no solutioii; 

i f  it has only ;f s ~ a l l  region of solutions tlicn the tlcsign problcm 

has csscnt in l ly  onc solution alid optirniz;ition i s  not feasible. 

ilor:cscr, i f  r?nny solutions ex i s t  nnt l  thcrc is clcfixiccl a writ  

function !![X) v:!iicli rciirescnts thc c r i t e r i o n  by rshich onc accept- 

nIilc cIcsi!;n riay IIC c~ioscn ovdr aiiotiicr 

car r ied  out. 

Ifori.cvcr it nay linvc no:ic o r  it 

I f  i t  lins no 

-r 

* tlicn syntlicsis lnny bc 

This can Oc st:itcd ;IS tiic tloul)lc riinir:iizntion ~iroblcri 

Find 3 sucli tha t  tllc functions, 
+ 

O(S) * '!I.v = 0 

!!(X) + !In + '  

but thcrc a rc  110 cf f ic ic i i t  tccluiiqiics \<!iicii will soliz. t h i s  

doublc Iirohlcn as a i?iiiiniznt ion ;~rol~1ci~,  

scrvc t o  coiwiiicc thc rcdcr t l i n t  tlic c rcn t i a i  of  a ncbd function 

O' (X)  = o ( ) o  + '.r;x) xi11 not work. 

Sow rcflcction will 

+ -* + 
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A ~ n y  nrouid tliis d i l a x n  is to  iiitroiliicc nnotiicr con- 

s t r a in t  
J 

rdicrc Vo i s  sone prcsclcctcd iiur$)cr rcprcsciitinl! n 6031 for the 

nlerit. 

!Any solution to the j)mbIci? 
+ 

Find X sudi that  

( 2 . 5 )  

solution nnd thc optimiin iii11 bc knor;ii within A ;? ns X 
9 9' 

Stat ing the syntlicsis proO1cn ns tlic miniiiization prob- 

lcm 2.5 is of no nJvnritngc u i lcss  n rothod CNI be dcvcloped 

riliidi will cf f ic ic i i t ly  s011.c it. Since tlic coiistraints arc 

cxprcsscd ns c s p l i c i t  functions of  tlrc s : i r i d A x  X 

~~ t ! io t l s  of fcasil)lc dircctioris could bc iacd. 

of thc problem nnd sow o f " i t s  s;)ccinl propcrtics point to  LI 

onc of tfic 
j' 

lio:\rc?vcr tlic gciicsis 
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diffcrcilt n;-r;~roncli. 

ai ufico~is t rained nininizxt ion prcblcn, 

T i i s  involves convcrting prohlcn 

&fining the bracket function notation as 

< s , n  S L O  *C0 

s < o  

A ftmction ray be constructed 
T 

+ 2  * + + 
$(X) = e(s) + < :l(s) - 'To >2  + 1 < g,(;u). , 

t=l 

.5 into 

(2 .6 )  

This- function is iio,uie;ntivc mid :ins continwus f i r s t  d c r i n t i v c s  

i f  the gt(S) do. 
+ 

Ti is  l a t t e r  fac t  xi11 bc of i.n;port,ulcc iihen 

exp l i c i t  c 4 n i n i x t  ion tcchniqucs arc discussed, 

The uicoiis trairicd mininizntion problcn 
+ 

Find X sudi that 
-* 

$(X9 * ZEN = 0 (2 79 

is cqui\rillcilt to  2.5. Problcn 2 .7  :iowcvcr lends i t s e l f  t o  

straiglitfoninrd n:>pronclics th.m clocs 2.5 and thcsc will be 

discusscd i n  Chapter I1 I. 

F i r s t ,  iiomver, i t  sliotild bc noted t ! i n t  the choice of 

an exponent of 2 i n  cqtuitions 2.2 aid Z.6 is not csscnt inl .  

follorr.inp, tfcfiniticn could 1i:ivc just as well bccn made 

The 
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for my f i r i i t c  p niid thnt 3, does not Iiavc co!itiriuous first 

Jc r ivn t ivc s , 

This pro;)crty is illiistratcrl by t;ic follorciri:: sini>lc two 

d i rneris i 011 ;I 1 ftuic t ioii 

Typical levcL curvcs for this arc sfiom for  p = I,.?,- i n  Figure 

1. I t  is clcnr t l i n t  thc lcircl ciirws for  do iiot lixc continu- 

ously tunling tnngciits alon!: tfic liiics :?-.I arid 1%-R and thcrcfore 

V$- is iiot dcfincd thcrc. Si:icc cast prac t ica l  rctthods of find- 

ing thc nininum of  lb rccpirc tlic ::mdicrit of Q n f i i t i tc  p must 

be used. 
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miiiirnizcr to  Q, (hcrcnftcr cnllcd s i q 3 l y  $) but  to  tcnninatc 

tlnc proccss rdicn ~ b ,  4 E ,  wlierc E i s  3 small posit ivc constant. 

Th i s  qucstioii is considercd i n  det:iil nc;tr tlic end of scction 

A of Chnptcr 111, 



111 ordcr t o  i l l u s t r a t e  thc tccluiiq~a dcscriled in Clrnptcr I I 

n num?xr of +-functions f o r  various pro1)lci~s will bc dcvclopcd i n  

& t a i l  in t h i s  chaptcr. !bst of tlicsc litre succcssftilly program- 

mJ. fo r  tisc on tlx d i g i t a l  comptcr and snqiic cases run with tlicm 

a rc  given i n  Chaptcr 1’. 

I?ic systcn tisccl for  riost of tlicsc dcvc1o:xncnts is the pin-  

ciidcd ~ I - L I S S  s tn ic turc .  llic rcasoii for  this clioicc is tha t  tlic 

truss is t9)ic:il of miiy cnzinccriii!: st~iuct~ircs i . 1  t!ic following 

Ways 

1, l’lie nw,l)cr o f  ;~hys ica l  Jcgrccs of frccc?on c a i  bccom 

Y C I ~  largc 

2. Tic systcn nay bc ;uialyzccl with vatying dcgrccs of 

sophist i cn t  ion 

3,  nicrc nrc n vnricty of  m y s  of formlnt ing the 

problcri (displnccncnt , forcc, forcc-Jisplnccrmt) 

nicrc nrc n widc variety of possiblc bcIi;1~ior rcquirc- it. 

i:icnts for  thc structure which rangc from siriplc 

r c s t r i c t ions  t o  ratiicr corq>lcs rcquircmnts,  

Thc trirss corisidcrctl hcrc is i.mdc u;) of s t r a igh t  pin- 

coiuicctccl tu1)ul:ir i:cnl)crs. 

only a t  tlie jo in t s  and sorv jo in t s  arc coiisiJcrcJ fiscrl i n  spncc. 

Ricnnnl loads nrc a lso  coxidcrcd i n  oric dcvelopnciit. 

Londs arc considcred to  bc applicd 
’ 

-22-  
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Tlic dcs ig i  rcs t i ic t io i i s  ;irc ass~irnd t o  bc of tlic following 

typcs: 

1. l imi ta t  ions on tlic c les ip  varinblcs t l ircctly si1131 ;is 

m ; t u i m m  nnJ ninirxm meldxr sizc ctc. 

2,  siriple iipi:cr aid lowcr limits 011 strcss in tlic 

individual wmbcrs I 

3. simple limits on d isp lncc~r ,n ts  

4. 1inits on s t r c s s  \il\idi may wry with thc dcsign, such 

as  iiicniltcr kcickling limits. 

Tlicsc do iiot cdinust thc poss ib i l i t i e s  but a rc  among tlic 

c o ~ ~ m i i  dcsir,n rcstrictioiis  used for  t h i s  typc of structure.  

arc \ ~ C ~ ~ E S S C S  i n  the s t r c s s  l i m i t  concept of : , t ab i l i ty  control 

inplicd by 4 r:.hic!i will bc cormntcd upon in tlie nuPErica1 

cxmples chnptcr aid in  thc concliisions. 

Thcrc 

The analysis of the truss c i i l l  f i r s t  of a11 be based upon 

Ibyond t h i s ,  various l i n e a r  s t a t i c a l l y  indctcnninatc ma lys i s  

norilincaritics will be includcd i n  som of the developments. 

niesc nonlincar asI)ects, \ihich arc important i n  ccr ta in  l igh t -  

\ i ~ i g h t ,  high perfomniicc s t ruc tures  arc: 

1. 

2 ,  

cquilibrium cqunt ions a rc  bascd upon d c f o m d  gconctv, 

displaceclcnts and dcfonmtions a rc  considcrcd t o  be 

la rge  @ 
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3. forcc lcvcls arc coit:;iJcn.J t o  lx. hi$ ciiough t!i;it thc 

force-dc fon.i:it ion 1 ;~ ;  niist bc taken to  1)c 110111 incnr. 

Ikcausc of tlic scvcrc J i f  f i cu l t  ics involved \;it11 no:iconscrv;itivc 

I)c!iavior, both fron tlic aiinlys is :iiI<I fa i lurc  c r i  tcrio:i s t  ;mrlpoints, 

ti3 system will bc considcrcd c1;istic niid tIic londs will r:?:iintain 

tlicir clircct ions and txi;;ni tiides tuidcr llcflcstioii of tlic nodes. 

Tlic ncxt scction is :I corplctc c!cvelo:~:.icnt of n $-function 

for nil pi-lmr, siiiclc no& , p1m:ir tiiiss iiiclurling n l l  nonliiicari- 

t i c s  clcscribcd nbovc. 

.I, Coi~siJcr tlic n h r - j ~ l n i i : i r  truss slioim in r iprc 2. 

I~ach 1onJ coiidition k ,  \:!icrc k = 1, ... ,I, i s  s ; ~ ~ i f i c J  by 

gising tlic nay,nitudc of thc load !'k, t!ic m ~ l c  zk mnsurcd clock- 

1;isc fron thc posi t ivc x axis t o  tlic loncl I l k ,  n~id tlic tcq3craturc 

C h ~ I g c  i n  each rrinbcr AT 'Ilic cross scctionnl 

a ~ c ~  A. 

design varin!)lcs. 

for i = 1,. . , p', ikJ - 
and t~ic  positiorl of t1;c attacluncnt ;,oints Z 

1 i arc tile - 
!;otc that tlic option to t r ea t  thc di as prc- 

ass ignctl dcs i gn p rmc  t c  rs cx i s t s . 
llic ccpililiriur! cquat ions rc;)rcscnting tlic sun OE tlie 

forces i n  the x and y dircctioiis a t  tlic nodc p' rcspcctivcly 

arc 
r n .  - 1 xi Uik cos Oik + Pk cos ak = 0; k = 1,2, ...) L (3.1) 
i=l 
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thc gcorctr).‘ of Fig. 2 it follows t l i n t :  

arid 

- - 
dicrc u .  is thc x cocpioncnt of the  Jisplaccrutnt of  node 11, \‘k is 

thc y cor;r,oncnt of t!tc displncccsnt of thc  node ;), and 11 is a 
k 

prcnssigncd ;nr;iru!ter givinq thc ziomnl d i s t m c c  froin node ;I t o  

the syqiort  surfncc r-r p r io r  t o  dcfonnt ion.  TIE strcsscs aik 

nnd the Jis;,lnccrrnts Gk, a rc  thc bchnvior vnrinhlcs. Using 

thc brbcrg-Osgooll st x s s - s  t rain rclnt ion tiic s t rcss- displ:iccr.x?nt 

cquntion for tlic ith mcr?iIcr in  t~ic kth lond condition is 
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i = 1,2, ..., n 
5( = 1,2, ..., L 

( 3 . 6 )  

- 
Yi is tiic y ie ld  s t r e s s  arid Q i 
cieiit for  tile natcri:il of  tiic it’* rw4xr. ~ i c  cspo:icnt pi  

dc:mitls on tlic r a t c r in l  used for tlic it’’ i-eiibcr and it is con- 

is tiic thcmn1 clc;i,z.isioii c m f f i -  

iui ie i i t  to r e s t r i c t  !>i t o  pos i t i se  o J J  i:ite:;cr wlws for t!ic 

cwr tlic +-fioictio:t nay I i n w  bc t t c r  ;)ro;xrtics i f  thc vnriablcs 

ai vhich it JcpcnJs a r c  scalcd so as to 5c of  thc ordcr 2 1. 

This is  accolylishcd by iiitrclliiciiig dir-c:isio:ilcss varia!>Ics as 

- 
Uk = Ku 1lk (3.3) 

(3.10) 

(3.11) - = I I  di 
di 
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h c r c  the K!\, KO, ;111rl 1; arc  coiistniits cqunl t o  tlic cspcctcd 

a v c r q c  ordcr of  inn:;iiitudc of  tlic nrcas, strcsscs alri clisplilcc- 

m n t s  rcspcct ivcly. 

U 

Lct tlic CollowinR notation: 

I?$ = + P COS ak (3.12) k 

PYk = - P s i n  ak (3.13) k 

I.DXik 

-q cos R i k  - 

(3.15) 

(3.16) 

(3.17) 

Cik = K K COS f3ik (3.13) A 0 

Sik = I; 1: S i l l  B ik  A 0 
(3.20) 

bc ilitroduccd. 

and 3.2) arc J iviJcd by P, thc :ivcrggc magnitudc of tlic iioiizcro 

:i;,plicc1 l o a ~ s  P ~ ,  t~icn t ~ i c  f~uict ions I Y ~ X  anc~ I ~ Q Y  rny be ~ e f i n c d  

as follolJs: 

I f  both of thc cqui1il)rium cquntioils (E+. 3.1 
d 

k A 
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k = 1,2 ,  ..., L 

‘Ilicsc t\io f inc t  ions rcprcscnt tlic fr;ictiori of thc nvcrngc npplicct 

load by I;hich c;lch of thc c r p i 1 i l ) r i t m  equations is tuisntisficd in 

i’ tiic kt”  1ont1 contlitiori. 

di nnd tlic di~~ciisioiilcss bc!invior vnrinlilcs a ik ,  t ik ,  vk, s a t i s f y  

cquil  il)rium thcn 

r r tiic r1ii:cnsioiilcss c1csip vnrinl)lcs A 

Tlic s t r e s s  Jisplnccrcnt crpations may bc t reatcd i n  8 

similar nimicr. I,ct tlic riotntion 

(3.23) 

(3.24) 
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(3,%6) 

(3.27) 

i = 1,2, ..., ITI . 

k = 1,2, ...) L 
This function rc!mscnts the fraction of the avcragc applied 

load by which thc two rcprcscntatioiis of  the forcc i n  mmbcr i 

for load condition k d i f f c r .  Tlicrcforc scts of  vnrinblcs (A. 
1’ 

O i l & #  uk, vi;, di) that  satisfy tlic niinlysis equations hnvc the 

propcrty that 
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l i e  rscight of  the 111 Imr planar t russ  nay bc c.uprcsscd as 

follorJs : 

(3.23) 
i=l 

wlicrc p i  is thc m i g h t  densi ty  of  thc mitcrinl  for tlie ith mcmd)cr. 

Lct thc notation 

(3.30) 

I3 M - 1'6 
(3.31) 

1 n q ,  d.) = < --r > = 6i LO. A. - 1 > 
1 1 1  

i=l 

In  gcncr;il, t!icrc a rc  uppcr nnd l o w r  ~ O L L ~ ~ S  on a l l  thc 

vnrinblcs hi, uik ,  tik, vk, 

rcprcscntcd hy x. w!icrc 

, Lct tlic sct of variables be 'i 

I 

x = Ai j = i ; i = 1, 2, ..,, m (3.32) j 
. .  

j = mk+i; i = 1, 2, ..., m 

k = 1, 2, ..., L 
ik x = a  

j (3.33) 
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Sotc tha t  f o r  a con;lletc sct of  vnrin1,lcs j = 1, 2 ,  ... il nnd 

P = 2(m + L) + m * L  (3.37) 

X fuiiction providing n pcnnlty for violating nn iippcr o r  n lorccr 

I~oiuid fcr cncli varinblc x.  nay now bc dcfincd as folloiss: 
3 

j = 1, 2, ..., II 
_ _  

wlicrc LB and UB arc the loxcr :md iippcr bounds on the variables 

x. rcspcctivcly. 
j j 

J 
In addition t o  s i r p l c  bounds, provision is inadc fo r  limiting 

the  stress i n  ordcr t o  prccluclc bucklin;:. 

tangcnt mdulus,  buckling stress constraint  nny bc exprcsscd as 

Ihc Culcr-Engesscr, or  

* follows : 
(4 _ 1 

i k  'ik ' TBik = < a 

(3.33) 
i = < Gik Ai - 0 > i k  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
* hi annular section is assumccl for cnch mchcr. 
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t h  SFik = a buckling strcss safe ty  factor fo r  the  i 

mcmlicr in  tlic ktl’ load condition 

the  mm J ianc te r  t o  tliickncss r a t i o  f o r  tlic 

i tll mnbc r 

arid (D/t)i = 

Ttic ninimtim wcight d c s i p  of tlic m bar p h a r  t russ  (1:ig. 2) 

sh j cc t  t o  I, d i s t i n c t  loa3 conilitions with stress, displaccwnt  

and buckling l io ! i tn t  ions can bc nccorr,>lis!icd by solving the 

fo1lo::ing problem fo r  a scqi:cnce of Jccreasing values of I J  
0’ 

Givcn : the prc;issi!;ned ;XI rzm tcrs - 
- - 

n sct of i n i t i a l  valucs A. u 

nnd a sct of bounds LBj, Ulj; 

- Find: A i ,  uik, uk, vk, di such t h a t  

uk, vk, di, No: 1, i k ’  

- -  - - -  

is~icre JI is given by 
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L m 

e L m  
(3.41) 

a i d  tlic X ' S  arc posi t ivc nu l t ip l i c r s  to Ix discussed sul~scqucntly, 

I t  is opparcrit t h a t  any sc t  of v:ilucs for tlic wr i ab lc s  Ai ,  aik, 

arid d .  for  \iiiic!i 0 = 0 Jcscr i lxs  x i  acccpt:iblc & s i p  Uk' V k ,  1 

Ai, di of ~ici!:ht 

n p i n  rcrinrkcd that 9 and 75 arc contiiiuous. 

or  lcss  ;uid I~chnvior uik,  irk, vk, I t  is 

'IIic rnctliocl uscrl to  scck Q -, (1 will be x m r i c n l  nnd thcrc- 
* fore n cr i tc r io i i  is ncchi  to  Jctcrninc idicii 

to  zero t o  bc consiclcrcd coiivcr!:cd. 

functions I:(:$, E(:Yk, 2nd SI) 

is near ciiough 

From thc way that  the 

arc dcfiiicd i t  is c lcar  that  ,VI E i k  
may he  dioscn such t h a t  tfie rcquircncnt 

2 2 2 
m Y  [E??$, I??Yk* SDik] < E 

will bc mnningfitl i n  t e n s  of  tlic physicnl problcin. 

c = .Oonl insurcs tha t  a t  riorst an cguilibrium o r  forcc-clisplncc- 

mcnt equation will bc unsat isf icd by 12  of t!ie avcragc force 

lcvcl applicd t o  thc s tnicturc .  

smnllcr but it sliould IT notcd tha t ,  evcn in a l inear  problem 

For esnmplc, 

I t  can of course 1)c dioscn 

scc thc cnd of  Cliaptcr 11. 
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rdicrc the analysis solution i s  obtnincd hy rwtr ix  irivcrsioii, tho 

rcsiclunls arc sclclom t ru ly  zcro duc to  rouiidoff noise arid otlicr 

factors. (lo) I t  is suggcstcd dint tlic n~iovc c a t ~ i o ~  offers a 

coritrollcd a i d  pliysicnlly sixiii ficitnt c r i t e r ion  For analysis 

. accuracy. 

Thc X's must iiow bc chosen so t l i n t  wlicn $- 2 E. thc various 

coiistitucnts of + will bc cicniiiigTully s;itisCictl. 

f i r s t  thc f ract ional  ~ i c igh t  function tcrm 

Chisidcr 

(3.42) 

Ilic x 
ncccss:ir). d i i l c  a t  tlic s:mc tiiw not  bciiig so s t r iny i t  ns to  

is t o  bc sclcctctl so  t i i n t  this cr i tc r ion  irnposcs rha t  is 
IJ 

uiiricccssnrily c!clay convcripice, 

15 not cscccd thc cIrai~-dowi i , ~ ~ i g I i t  I; by r'iorc t1i:ui n s ra l l  frac- 

t ion of tlic incrcmrital I;'cight dccrcnsc JIJ 

it is rcquirccl t l i n t  i f  K - 11; 

I t  i s  rclluird that  tile \icight 

0 

T n  otlicr \cords, 
0' 

> n, tficn 

I\' - 1% < < AIfo (3.43) 

!.'ow i f  s is  an nssignctl Iiiudxr, s r i n l l  cotn;iarcd with unity thcn 

it  follows from Jlq, 43 t ha t  

and suhs t i t u t i i i g  in to  Eq. 3.42 a i d  taking thc equal i ty  yields  

(3.45) 
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i m p  1 i cs 

~~Iiicli rcduccs t o  131. 3.46 i f  I f  - Ifo > 0, 

l'lic Jctcrniiintion of thc a. 's  nssocintcd with thc sinplc 
3 

bouiids c;m bc trc:itcd in  n s i i i i l a r  fashion. 

amount by uliich tlic di!~:cnsiniilcss v:iri:il)lcs x. nay be pcnriittcd 

t o  v io la te  the 1)oirnJ Ll:. or Ill: 

Iinppcns t o  be thc nctivc 1:01~id, then i t  is re iuirctl t l in t  

Lct t? .  bc thc  

3 

3 

j 
l ~ s u ~ ? c  thc u ;p r  bound IJB 

3 j' 

A .  (x - < E (3.47) ~j J -  

m i s t  insure tha t  

x - mj 2 q j  (3.48) j 

Substitutiiig Eq,  3.45 in to  Eq. 3.47 yiclds 

2 
A j  (Qj) 2 E (3.49) 

Taking thc  ccjuality nrid solving for A .  givcs 
1 
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E = -  
2 (3.50) 

I t  follotqs tli:it dicn Q ~ L  E thc v a l w s  of x will ncvcr cxcccd 

u1i + (2. nor IE lcss tlian LBj - Qj, 
j 

j~ 
The dctcmination of tlic A~~~~~ associntccl with the buckling 

strcss limitations c;ui nlso bc t rca tcd  in n s imi la r  rimncr. Lct 

I: bc tlic friiction o f  thc J iwnsionlcss  :illo\ial~lc buckling strcss 

by which the diricnsionlcss a1lo~:ablc strcss Gik .Ai and thc 

dirwisiorilcss strcss (I may Jiffcr. Ilicn i t  is rcquircd tha t  i k  
2 

(3.51) 

insure tha t  

Gik Ai - (I < (;ik 'fi (3.52) i k  - 
Sulistituting Cq. 3.57 into Eq. 3.51 yiclrls 

(3.53) 2 
An\ik (Gik  '{i c> 1. E 

Taking tlic equality a i d  solving fo r  XIB . givcs 
ik 

(3.54) 

Thus thc  niin?)crs s, A ,  4, 2 and E mist be sc lcc tcd  i n  ordcr to 

This  is no pa r t i cu la r  burdcn 'as thcsc construct t hc  Q-function. 

quantities a l l  have n clc:ir cnginccring significance in  t h i s  

context. 
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'Ilic $-function fo r  t l w  12 bar p lx ia r  truss with n l incarizcd 

analysis can bc obtained by spccia1iz;ition of tlic Corcgoing 

forrulatioii.  

t ion arc II?Xk, 13;Yk, SDik and TI! 

the m a l y s i s  of thc  functions I:QXk ;uid 1:QY 

and 3.22 iuich:uipl iiowcvcr Eqs. 3.13 ;)rid 3.20 nrc modified t o  

rend 

?'lie par t s  of  thc +-fiuictioti cffcctcd by 1inc::riza- 

7 % ~  influencc of l i i icsrizing ik  
leaves 131s. 3.21 k 

ci = K K cos Bi (3.19') .\ (I 

Xld 

Si = K,, K sin B~ (3.20') 
U 

w1icrc B~ is tlic ai1glc t)ctwen tlic ith ixnbcr and the pos i t ivc  

the  assuniption tha t  the c q u i l i b r i w  cqunt ions can bc bnscd on 

the tuidcfomd gcomtry of thc stnicturc.  The influence of 

l incnrizing the m:ilysis on the h i c t i o n s  SD 

by s c t t i n g  R. t o  zero in  Eq. 3.25 a i d  noting that 

c;tn bc obtnincd i k  

1 

For smnll displnccnicnts 

(3.56) 
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NKI fo r  sinal 1 dc fonnnt ions 

I.0i ( I l l i  + I.Dik) f 2 (LOi$ (3.57) 

thcrcforc 

Thus tho resu l t ing  cxprcssiori for  SD. 

nnnlysis is 

l m c d  on a linc3rizcd 
lk 

K 
Snik = (=-) *lo i [7ik + iik + q i  I1 (vk sin si + u COS a i ) ]  

k I' 
(3.59) 

'Ric i:iflucnco of 1inc;iri: iry t!ic x m l y s  is of thc fwct ion TBik 

is obtniiicd 21). sctt ir ig ]Ii t o  zcro i n  El.  3.40. 

stress l i n i t s  ; i x  tiicii based 0'1 tile I!uler twickliiig s t r e s s  rntlicr 

than on thc tangent modulus bucklinl: stress. 

Tlic buckling 

A s  miitioncd c n r l i c r  many o f  t!ie n1;oritluns for solving 

the tuiconstminccl mi i i i rn izn t  ion problen rcquire a Inowlcdgc of 

thc grndicrit of the function bcini: mininitcJ (scc Clircptcr IL') 

Vic par t i a l  dcrivntivcs of t he  m bar truss 0 - f u r ~ t i o n  nrc 

given in qpcndix A, 

The nbovc Jcvclopmciit is sorw~f in t  cru+crsonc but it 113s 3 

stnicturc tii*?t vi11 IE rc;,cnted it1 tlic rest of t!lc +-fLlJlctign 

dc\.clo;)mnts in t h i s  pn;xr.  

fol lous : 

Viis s t ruc tu re  is r0~::l11~ 3 s  
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1. 

2.  

Idcntificntion o f  tlic design variables 

S t n t c x n t  of: thc ;u in lys i s  c r p t  ions aiid thc gcncrntiori 

of tlic n o m n l i x d  rcsirlunls, 

3, Idcntificntion of t!ic tlcsign 1iinit:itioris arid tfic 

clcvclopincnt of thc I x m l t y  functions 

4,  A study of  t!ic nccuracy rcquiremiits nnd the  dcvclop- 

mcnt of the A's 

f ina l  s t cp  ii!iic!i is usri:illy necessary, ns iwntioricd nbovc, is 

tlic t:iking of thc r,rntficnt of $. 

but i t  is s i y i l y  n scqucncc o f  a l ~ e b r n i c  o;)cr;itioiis. 

X i i s  cnii bc an oiicroiis task 

In scctioii I) of th i s  chnptcr n mthod is given ;diich 

s i r p l i f i c s  nuch of thc xork i f  nn mnlgs i s  cnpnl)ility is alrcady 

i n  cxistcncc. 

13, l'lie Ccncral S;,acc l'1iiss, rorcc- Displxcmii t  !.kthod 

In t h i s  scction a $-fuiction is dcvclopcd fo r  n gcncrnl 

spncc tnns, Tlic conf ip rn t ion ,  i n  contrast  i\rith tlic m bar 

tniss, is considered fiscd n:id gcorlctric nonl inear i t ics  a re  

on i t tcd ,  'his lnt tcr  is bccnusc of  ccrtnir: inconsistencies i n  

thc  h i d l i n g  of stn!)i l i ty iillich iirc discusscd a t  t he  crid of 

scctiori A of Chnptcr Ir, 

dinmctcr nnrl wall tliickncss of tlic t u h l n r  members; t h i s  is a 

s igni f icant  ndclit ion i n  that  i t  pcimi ts LtotIi Eulcr buckling  id 

Tlic dcsign vnrinblcs nrc the  m,m 

loca l  crippling to  bc considcrcd ns indcpcndcnt f;ii!urc I ~ L I C S .  
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TIX nmtcri:il iionlincnrity is rctnincd i n  thc aiinlysis but :,I1 

mmbcrs arc nssun;cd t o  bc ~ n d c  of tlic smz inntcrinl, 

Consider thc wribcr shown in IGg. 3 :is one of m rmibcrs of 

n spacc ti-tiss. Tlic iiodc i, Iocotcd i n  spncc a t  (zli, z Z i ,  zSi), 

is displncod t o  posit ion i' wiclcr tlic action of a loading systcm 

Psil;, 5 = 1, *.. cl ;  i = 1, , . . , 11; k = 1, , . t, whcrc tlicrc 

:ire tl dirlcrisioiis, 11 iioclcs a i d  L 10;d condi tioiis, Ikfine two 

scts o r  tab les  of integers as follows 

1. !li is  the sct  of intcgcrs tlcrioting thc rlembcrs 

joining no& i 

"r 
nodes joincd by rcmbcr r 

2 ,  '' is n p a i r  of iritqcrs rlcnoting tlic pnir.of 

For cxaqlc  the t c t r d i c d n l  tniss shorai in Fig, 4 \wuld have 

the following tables 

Ffl = (1; 3; 4) 

F12 = (2; 3; 6 )  

F13 = (1; 2; 5) 

, >14 = (4; 5; 6 )  

ald 

N1 = (1, 3) x4 = (1, 4) 

N2 = (2, 3) N5 = (3,  4) 
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d 
i , j  = N r  r = 1 ,  ..., rn 2 ’ 1 2  

L q  = t c (ZSj - Z S i )  I 
(3 .60)  s=l 

- 2  
i , j  = ?Jr (3.61) ‘s i  s i  = - 

Ysrj r Ysri = TXT- 

- 
r ‘Ihc mcm1,crs are tubulnr with tlic Jcsigi vnriablcs  takcn 3s D 

(mcnii J i n m t c r )  and I’ 

equations arc 

k 
(\mt 1 tliickiicss) n i ~ d  thus thc equi l ibr ium r 

- - -  
“rk Dr Tr Ysri  + ’sik 1 0  

rdIi 

s = 1, ...) d 

i = 1, n 

k = 1, ..., L 

(3.62) 

T ~ c  engineering strniit ji i  the rth rlcrnber Cor t he  kth load 

condition is 
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Scglcctin? protlucts of tlic tlisplnccr?cnts ;uid nssiuning thcm sinall 

Taking tlic strcss strain rclatio!i 

(3.65) 
I 
I 

tlic stress tlis;~l;icaicnt relations bccorc 
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and 

(3. GS) 

Tlicsc linvc s i n i l a r  mc;uiings t o  thc rcsidu:ils for tl:c m-Bar tn i ss  

csccpt t l i n t  thc n o n a l i z i n ~  forcc is tnkcn to  bc K tc K n, 
thc f i c t i t i ous  nwragc force icvcl in  tlic s tnicturc .  

I) r 0 

Tlic iicig!it of thc s t ruc turc  is g i w n  by 

(3.69) 

A systcm or  relations s i n i l a r  to  cqitntions 3.32 - 3.37 c m  bc 

g i vcn 

x = D r  j - r  ; r = 1 ,2 ,  ..., rn (3.71) 

x = Tr j = m+r; r = 1 , 2 ,  ..., m (3.72) 

j = 2n+L(r-l)+k: r = I ,?,  ..., m; k = 1,2 ,... L 

j 

j 

“j = ‘rk 
(3.73) 

x = usik j = Z~nirn*L+(k-l).n.d+(i-l).d+s 
j 

i = 1, 2, ... n 
s = 1,  ..., d 

k = 1 ,  2, .., L 



rind tlic functions 

(3 * 73) 

-Jc f incd. 

(3.75) 

- (e) 
rk 

'llic> tlcfiiiitioii of 'illrk is tl:cn . 

llcrc it izns dccidcil for ca:ircnicncc to dividc 

thus nnking A n i  n constant. 

through by a 

- (c) 
rk (3.77) 

Tlicrc fom thc loca l  crippling pcnnlty is 

A fiirtlicr dcsign r e s t r i c t ion  is ncccssnry t o  prcvcnt nn absurd 

design whcrc T > Dr, Tiiis is a pciinlty 
- - 

r 
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is necclcd, 

i n  C;ISC som uppcr tzstrictioii on n T is c!csircd. 

ilcrc LUR, - > 1 aid UI:Rr is proviclcd ai; n gcncrrility 

r / r  

u!icrc the A ’ S ,  dcvclopcd sinilarly t o  t!ie  TI bar  tniss, arc 

f 
‘Ti3 

- e  xLc - p- 

(3.81) 

(3.55) 
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In tlic operation of  tlic copputcr proy,r;irn dcvclopcd from 

t h i s  +-function m y  of  tlic D or  'r can bc consiclcrcd prenssignccl, r r 
Also optionally tlic coiisidcrnt ion of btrckling clay be sq~prcs scd  

aid i f  dcsircd the rnntcrial nay be taken as l i n e a r  c l a s t i c .  

Again thc con;poricnts o f  p x d  q~ 

Sw-crical cases nul with tlic program wcrc for  t k  mst 

;ire given i n  ;2ppcndix A, 

part  sa t i s fac tory  but two qtrcstions arosc. 

1. iiliat, i f  any, c t f c c t  i:O\iLd tile p r c  dis;ilaccincnt 

formulation h a w  n ~ o n  tlic opcrntion o €  tlic nctlicd? 

2 .  Kould it be possible to  l ink the d i a m t c r s  m d  tliick- 

ncsscs o f  SOIX ncr?iicrs so that sywctiy aid other  

s imi l a r  rcs t r ic t ions  could be iryoscd upon the 

s t ruc ture?  

. The mswrs t o  thcsc cpcstions ~ c r e  sought by the follouing JI- 

function dcvclopmcnt. 

C, Tlic Ccncral Space Truss, Displacewit ?hthod, 

Consider thc t russ  of scction U mid dcfinc n col lec t ion  

of s c t s  of iiitcgcr pa i r s  212. ns the p a i r  ( r , j )  rihere r is the 

nlcin1x:r iiumlxr of a minbcr joining iiodc i a i d  j is tfic number of 

thc  nodc t o  whidi it. connects nodc i. 

tniss of  Fig. iI will 1imc { ~ 2 }  as 

1 

For csnrplc, thc t c t r l i c d r a l  



) IZl  = (1,.3; 3, 2 ;  4, 4) 

= ( 2 ,  3; 3,  1 ;  6 ,  4) 

11z3 = (1, 1; 2, 2; 5, 4) 

hL?, (4,  1; 5 ,  3; G ,  2) 

X is Jcfined as bcforc. r 
Takin!: thc l incarizcd s t ra in  nnd assuminy: n liricnr strcss- 

strain 1:ttr. the c ~ p i l i h r i i ~ n  c y u t  ions t n k c  thc form 

d 

dicrc j corrcs;~on~ls t o  tlic r of the set  ~ 2 ~ .  

1Jrtfortwintcly this indcxinl: notation, :IS t!ic render has no 

doubt clccidcd, is rnthcr clumsy 

quitc  h;lrirIi ly.  

bu t  it proyrms for  tlic coriptcr 

For this cncronduiorit of tlic mnchiric thc wri ter  

apologizes. TIC cquntinn rcnds bcttcr i f  tlic dcfii i i t ion 

is siibsti tutcd in to  3,86; bfliicli rcsults in 



I t  :;houlJ bc criphasizcd t ha t  t 

fiilict ion but mcrcly XI ititcriiuJi:itc result iiitroJuccd for 

co~ivcii ict icc. 

is not R i f n r i a l h  i n  t h i s  +- rk 

In order  t o  provitlc for linking of tiic nctunl Jcsigri 

tihcrc Kn, ;ire prcassigiicrl co:ist:uits, Sc:psc it W;LS dcsircd - - -  d - -  
t ha t  D, = 115 = D6/2 rnld that  n = 9, = n4 tI1cn thcrc \ \ ~ O U l r I  

2 

bc trio k!csigii vnriablcs a 

a r b i t r a r i l y  as  

;uid n2 and t!ic !XI, niglit bc tnkci1 
1 
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- 
(3.87) n Dr = KDr aV r E Cv v = 1, * a ,  A 

B - 
T, = Krr a,J r E cv IJ = 1, ,*, I3 (3. SS) 

uhcrc 11 is thc niurbcr of a's  aid 11 is the iiunhcr of 8's. Vic 

t o t a l  w b c r  of  dcsign vnrinblcs is ,Z+U, Tlic progrru? tha t  was 

dcvclopcd has tIlc option to  f i x  :uiy a o r  fi thus ;)rcassigiing 

a group o f  D ' s  o r  T's. 

j 
Ilic vzriablcs of 0 vi11 no\\' 1)c rcprcscntcd by thcir x 

coiiiitcrpnrts ns in rclatioiis 3 . 3 1 - 3 . 3 6 ,  

x = a  j = v  v = 1, 2 ,  .., n (3.83) j 

Tlic rngc on j is j = 1,2, , A+I)+Lon*d 5 

Vie cquilibritnn rcsidunls can bc cxprcssed as 

(3 93) 
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The ordiiiaxy direct displncci!:cnt limits, written i n  t c m  of 

i , j  t Nr 
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ale buckling strcss limits :ire a l s o  q u i t c  complicated, n possi- 

b i l i t y  alluJcd t o  i n  Chapter I 1  rdien the  general f o m  of thc 

g(x) I ; ~ S  discussed. 'Ilicsc pcnal t ics  a r c  

(3  100) 

To bring in to  focus t!ic f ac t  tha t  cncli consti tuent of thc 

function is n fiuictioii of tlic x .  cnly, t h i s  h t t c r  tcrm 
3 

will be rcxr i t tcn  i n  t e r n  of x. and k1ok.n coiistntits 
3 

d 
LCrk = < - [ 1 y s  r i (':I+ I!+ j - 1) J+ (ii - 1) I i  d+s-".\+ I:+ ( i - 11 J+ (k - 1) n d+s 1 

s-1 

(3.101) SF(') KD, xJLCIli, k2 hT, xlJ] - L > 1 

Q 0 
r E C,# rllicrc i , j  = Nr, r E Cv , 

Tiic m i g h t  pcrialty CNI be written as 

m 

(3.102) 

and tfius the complctc +-furiction is 
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(3.105) 

Coqmriiig the foim of 3.50 with t h i s  i t  is iiotcd tha t  the 

cliriinnt ion of t!ic stress vnrinblcs hns rcduccd the overa l l  

nimber of variables 2nd nmbcr of analysis  equations with 3x1 

accompanying incrcncnt i n  cor,;,lcxity of thc constraint  pciinltics. 

D. X Sinpl i  f ied ‘kthod for Lincnr Tcclinolo~ics 

Uic prccccding tlircct c!cvclo;)txiits of ~l,-fuictioiis can 

I)ccorlc tcdious and ~ l i c n  onc esariincs tlic p a r t i a l  dcrivativc of 

thcsc i n  Aycndix ,I tlicy a rc  cvcn more so. 

work can !E climinntcd in  thc cvcnt tha t  a matrix foniulntion for 

thc problen ex i s t s  arid is prc-progranxd. Uccausc n ~ y  org,aniza- 

t ions havc highly tlevclo:xxl matrix p i c r a t i o n  and iiivcrsion 

programs for  prolilcris which thcy deal with frcqwntly,  

SOW iritercst t o  c!ctcmi:ic Iibr~ tlicsc rcsourccs can bc cniploycd 

. 

:hch of t h i s  h,md 

i t  is of 
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i l l  conjtictioii iiitli thc iiitcgrntcd ;uinlysis-syntlicsis coiiccpt 

;\ssiming t11~ analysis of the prchIcm bciiig dcnl t wi:+ 

c;in bc fomulntcd as tlm solution t o  

+ + 
k = 1, 2, * ' *  L (3,104) 

4 

"k A S k  = 
-t 

v,Iicrc thc B -  arc I, d i s t inc t  1o;id coiiditioiis a i d  the Yk nrc L h 
vectors of 1)cti;ivior varini)lcs, aiid that  nil auton?nted capabi l i ty  

cxists t o  picrate thc n:itrix ;I l;i\rcn thc dcsigri variables,  i t  

is clcnr tha t  tlic rcsidunls CXI hc c~ilculntccl as 

+ 
wlicrc t11e ith coryoiicnt of gk is 

n 
(3.106) 

Tiis cnlci~lntiori  is e a s i l y  progrnmcd; 1:oxevcr siiicc A may be 

Si)nrsc mrc conputntion niny bc involvcd tiinn i n  thc d i r cc t  JI- 

fimction fon?ulatioii. 

Thc laborious !,tork of dcriviiig tile fon:iulas for PO is 

somwliat rcl icverl by usc o f thc fo 1 lowing idcnt i ty  

2 C a j i  rjk ao 
- 1  

aYik j=1 
(3,107) 
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l~ox", rhc spcci f ic Jcpciitfciicc oE tlic n 

vnrinhlcs, rl 

tipoii tlic clcsig~:" i j  
is riot known nrd  the partial Jcrivntivcs 

S' 

ani 
Otic possil>ility is to c:ilculntc hy finite rliffcrcncc 

S 

c 

an.. ; I . .  - n 
1 1  1)s i i  
q - 7  b S  

iihcrc 

(3.193) 

- 
n - n . .  9 = aijs - - ijs ik 

A ds 
(3,112) 

md the an. ./ads nccds to  bc cvnluntcd only OIICC nrld docs not 
'1 

. dcpcnd ii:?on thc vnliic of  tlic design vnrinblcs, 
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I f  thc fiuictioii is iionlincar  jot:^: cnrc will I inw to bc - 
cxcrciscd in thc choicc of  Ads arid a 11c1.l a ijs 
asscmhlcd fo r  cadi IICW dcsigii point II = {dsf , 

will h:wc to bc 
-+ 

IJs iny, t h i s  rcprcscntation of the  rlcrivativc 

L n n  

of i f  thc a i j  are kno\:n to bc 1inc:ir i n  d .  t hc  aijs cnn bc 

calculntcd m d  stored oiicc xitl for a l l  giving 
5 

In many C ~ S C S  tlic i m i n l  ty fiuict ions can bc gcncrdizcd in 

;1 siinilnr mmicr b u t  tlic diversity oE types malrcs it unrewarding 

to  nttcylt  to out l ine  m y  licrc. 

;\laking the convcrsion to  tlic gcncrnl vari;il)lcs x as ~ 3 s  
j 

donc i n  thc other Q- ftuiction dcvclopicnts IJC .may sct 

x = ds j = s  s = 1,2, * * ,  s (3,115) 

j = S+(k-l)n+i  i = 1,2, ..*, n (3,116) 

j 

j Yik X “  

k = 1,2, ..., L 
aid clcfinc 



L n n 

s = 1, ... s 

n 

I t  S!lOUld 

(PI:,U,ZLTI IS) a = 2 1 a j i  rjk + - 
(k - 1 n+ i 

(3,113) j=l  

i = 1 ,  2 ,  .,. n 
k = 1, 2, ... L 

!)c cqdicisizcd that t h i s  fon:i of coinixitntion may 

bc incf f ic icn t  , Iiowcscr i t  riny snvc nucli Iiui-nn labor i n  tho 

clcvc1o;)nclit of $-functions nnd provides n rrt l icd of u t i l i z i n g  

thc highly cff ic icr i t  cx is t ing  matrix nsseriblcrs. 

inciclcntially iiotcd dint i f  the n 

thc  aijs arc cnlculatcd i t  is possible to  tlispcnsc with the 

mat r ix  nsscnhlcr bccnusc A may bc consttvctcd as 

I t  is 

arc  l incnr  i n  tlie ds ,and i j  

S 

A = c f a I s  ds (3.120) 
s=1 

w~icrc [ a 1 

nrrny [ a i j s ] ,  

p c r f o m d  in ndvnncc ,and nccd not bc rcpcntcd. 

is simply tlic sth "sIicct*l of tlic t~irec dincnsionnl 

R i r t h c m r c  mny of thc n a t r i s  products may bc 
S 

.4 tlrarhnck is 

thnt coqmtcr  storage rcquircrwnts nay gct cxccssivc. 
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Tic itlcas prcscntcd abovc arc sunuwrizcd i n  J:igs, 5 NIJ 6 

which arc rough block J i  ngrnns :issiir:iiiig thc cxistencc of a 

matrix nssc1:tblcr. 

E. A J ~  Ihisucccssful $-function for n Dynamics Problcn 

AI nttcmpt to dcwlop a $-Aurction for ;I c lass  of dynamics 

prul!lcms \CIS uiisucccssfut ant1 its prcsontntioti licrc is for thc 

salic of  cor!i;)lctcncss, 

fn i lurc  docs not in:ilp t l int  clytianics prolilcns nrc not mu3nable 

t o  syiithcsis o r  c\’cii tli:it tlic iiitcgr-!itcJ rlcthotl is t o t a l l y  

It  tlw outset i t  slmuld bc notcJ t l m t  tliis 

inn:q>licn!)Ic I i u t  only that titc r:tt:icr i)nitc forcc qi?~.onch 

a t t eq i t cd  is intrnctnblc. 

\;tiat is I-icmt hcrc by n tl!iininics problcci is otic in which 

tlw bclinvior v:liidi is to  bc re s t r i c t ed  n!itl/or t!ic bclinrior t o  be 

olitinizcd is n ftuictioii of t inc.  

natural  frcqucncics a rc  t o  lie r c s t r i c t cd  and say thc  :jcigIit is 

t o  bc mininized is not n rlynnnics problcin i n  tlic scnsc iiitcrtdcd 

. 

!:ate tha t  n problcn rilicrc the  

Iicrc , 

systcms. 

brt1icn::orc the work irlns J i rcc tcd  tovnrd lurycd d>iianic 

Thc pmblcns cnnsitlcrcd xcrc of the c l a s s  wliosc systcn of 

govcniiiig diffcrciit i n 1  cqunt ions is of thc form 

(3,121) 
- + $  xik = fi  (a1, a,,.,, xk, xkJ t) + rik (t) 

., 
idicrc nlJ *., . 3 

or  displriccmcnts corrcspontling to  tiic ktli driving function 

a rc  thc-dcsign variables a i d  x m k is tlic vcctor 
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3 -b 

rk ( t ) ,  i ,c, xk = (x lk ,  x ~ ~ ,  ... xllk). UIC constraints  o r  dcsigi 

l in i ta t ior i s  arc  of tlic fom 

o c t  - j = 1, 2 ,  ... T 
k = 1, 2 ,  ... L 

and thc wri t  criterion is of  tlic.fonn 

+ 
11 = llnS r ‘ p , ,  ... am, Xk)] (3,123) 

o 2 t  
k = 1, ... T 

Tlic prol~lcm for i:liich thc i; i tc~r:i tcd n;)pro:ich was ;ittcm;)tcd is 

givcii in  rcf. 5. Coitsic?cr t ! ~  s;,ri:iy,-n;iss-Jnr;,cr systen sltotm .. 
i n  Fig. 7 rdicrc { yk(t)  } is a sct of h iom,  f i n i t e  duration 

inputs (i .c. s!iock ;wlscs).  

Tlic Jcsigi r c s t r i c t i ans  arc  

r!iic zovcrniiig d i f f c rcn t i a l  equation 

$o+ 1: (Xk - yk) = 0 (3.123) 

(3,126) 

tnkcn 3s . 
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LC c c 2 uc (3 e 128) 

LK - K c LK (3,123) 

mnx [ m n x . (  fzkl ) ]  2 Uz (3.150) 

k = l ,  e .  L,O 2 t 

wit11 both c and h' ns J c s i p  varia!)lcs. 

'Eic w r i t  c r i t c r ion  is 

bl = irlax [Pax ( 1Xk1 ) (3,131) 

k = l , . . L  O c t  L 

k or  in  tcms of z 

C *  h' 
n k + % z k l )  ?.! = nnx [rim ( I -  z 

k = l , . . L  o c e  - 
(3.132) 

111 ordcr t o  cas t  t h i s  ;>rd>lc= in tlic i:itc:mtcd s y ~ i t f ~ c s i s -  

analysis fonrl, nwlcricnl intcgrntion of 3.137 tias U ; C ~  to obtain 

n systcn of algcbrnic cquntions. 

pro!)lcn t h i s  may bc soww!iat cxtrcelc bu t  it wns intcndccl t h a t  

t h i s  1)rol)lcrn scrvc as  a elodcl f o r  wrc d i f f i c u l t  d i f fc rc i i t i a l  

q u a t  ions, 

For so s h p l c  n dynardcs 

Krit ing (3.127) as n systcn of f i r s t  orrlcr equations . 
(3.133) 'lk = '2k 

(3.134) 
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or in  vector form 

(3,135) 

dicrc I1 is :I si1i;ill incrci?cnt i i i  t i r e  ; I I ~  t, + 1= t + 11, to = 0, 
(1 

'I' a ,  1.' iiig tlic i n i t i a l  coliJit ions t o  bc zero 
-t 

= o  zk 

zpk = z,k = 0 

o r  
0 

(3  139) 

'1 = 1, 2 ,  ... 
k = 1, 2 ,  .., L 

1Iic penalty functions 
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(3,143) 

k = l  q=o 

wiicrcin a l l  z:~ excc;)t xlierc q = o n n ~  c a i d  E; a12 takcii :is 

vnrinblcs and 11 is clioscn to  I)c Inrgc criou!:li so tha t  a l l  si:;iiifi- 

cant mnxina *xi11 have occiircd a t  t < t P’ 
It is truc Q = o only w~icn n ciioicc of c, K 2; is 

. _  
such t h a t  thc mproxinntc m:ilysis cqu;it ions nnJ a l l  pciialtics 

a n  sntisficd, liowvcr it t u m s  out t ha t  9 n l ~ n y s  has o ther  

niiriiinn tlwi Q = 0. This fact was discovcrcd ldicn n corqmter 

p~-o!;raiii cml~otlyin!; this foinulntion i ~ n s  riui. 

occurs as follows: 

function Cor s impl ic i ty  i l i i t ~  tirat a l l  I I ~  = o csccpt i;v nnrl tlut 

\Iv f O; tlicrc is t ~ i c n  a c~ioicc of  c, E;, Z’ rind zV SUCJI tliat 

Tic estrn minima 

~ S S ~ U X  tha t  tlicrc is only oiic driving 
-b 

1’ 2 



- = o  
az: 

i = 1, 2, 

q =I 1, .*. p 

(L 145) 

(3.146) 

x i 0 (3,147) 

Evcn i f  this di r f icu l ty  could bc nvoidcd by 1i;uidling tlic 

behavior a i d  draw d o ~ n  coiistr;iiiits d i r e c t l y  : i d  solving the 

coiistr:iiiicd mitii!iiizatioii prot)Icm, the r!et!iotf i s  im:>rncticnl. 

I ~ v c n  tliotrgli i t  is possible t o  coiisitlcr (3,137) ns n systen of 

sinu1t;i:icous ccpi t ions ,  tlic residual r i i r i i n ix t ion  process is a 

;loor attack bccmsc the prohlcn is ;in iiiiti;il vnluc problcn 

i t  is d i f f i c u l t  to r c f l cc t  Jcsigii and nnnlysis chnngcs uhidi arc 

iiiduccd by s i t i ~ t t  ions occurinp, a t  one timc back through cnrticr 

timcs. 



Ccri t rnI  to  tfic rlci-clopmcnt of  opcmt iorinl capab i l i t i e s  

tlsiiig the intcgratcd rct!iod a rc  :iI~;oritIiiv~ f u r  finding t!ic UI~COII- 

strnincrl minir.um of n fmction of mny v;irinl)lcs, 

tha t  thc ovcra l l  cfficicncy of tlic r~cthorl dci~cnds strongly upon 

thc cffieicncy of tlic choscn algorithm. 'l'licrc is :I large litcrn- 

tuw on thc subject and n selcctcd 1~ ib l io~ra ; ) l i y  is givcn in 

Appciidix 13. 

I t  is clcnr 

Ibis c!i:iptcr coiitniiis n br ic f  discrasion of SOIX of the  

C O I I ~ K ) ~  s;ctliotls nntl iii pnr t icu lar  of  thc onc usctl in tlic dcvclop- 

incrit of the numric;il resu l t s  for t h i s  p n y r  and n rccormcnrhtiori 

for  cvnlunt ion of onc w!iich proniscs t o  I)c supcrior. 
-. . - 

11, AI gor i thim f o r  ?fin icii  z n t  ion, 

Asidc from rmdon scnrch and cc r t a in  orgnriizcd probe 

tcdmiqucs such as rclnxntion, the bulk  of tlic nctliods arc of  

thc stccpcst  rlcsccnt typc. 
. .  

'Tilesc n r ~  h s c d  Lli'OIl the idcn, 

appnrcntly f i r s t  pelt foninrd by Cauchy tha t  i f  n scqiicncc of 

points { xq } is gcncratcd so dint 
-+ 

;q+1 I ;q - 11 v$(;q) (4 1) 

J, (x +q+l ) 

(1 

m d  cncli 11 is a posit ive scn lar  cons tmt  cliosc~~ so that 
(1 

(4 * 21 $ (3) 
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-+ ., 
the scqucncc ( ~(x ' ' ) }  gf course $,(rr) 

m i s t  have a t  Icast  OIIC minimun i f  tlic rxt?iod is to  work; i f  i t  

has E!ore than one, tlicrc i s  i n  gcncral 110 m y  to  know which of 

thcsc relntisc niiiimn the  process will tend to. 

will tcnct t o  a niiiir?U17. 

Vie ~ l l c  thod c:ui bc cxtrcnely s lor? dcpcndirig upon the  fiuic- 

tiori 0 (x) aid ttic r:itioiinIc used to  !:ciicrnte tiic scqitcncc {I1 1, 
Perhnps t hc  simplcst \my to tlctcminc acccptnhlc vnlucs for h 

is to guess n t  n value and tiy t!ic >!+I it yicltls. 

$(>I+') > I $ ( > ~ )  ti be rcdiiccci rcpcatcdly ulitil a su i tab lc  

vnluc i s  found. 

+ 

4 

(4 
~ t '  

(I - 
This tcdi:iiquc is usiially qui tc  iiiefficiciit 

both Ixxnusc o f  tiic i:ir!;e rilu4)cr of t r i a l s  ~ ! i i c h  nay be ~icccssary 

t o  i1ctcrninc t11c 11 ' s  m d  t~ccausc tile scqucncc 
9 

may convcl-gc SlONly. 

xq] i t s c l f  

Ybst of thc otlicr tcchniqucs bnscri qmrt the  itlcn crbody 

d i f fe ren t ,  more o r  less logical,  rcthods t o  obtain the  h 

one crploycd i n  this paper t o  obtain tlic niiwrical  r e su l t s  is 

essen t i a l ly  the same as tha t  given i n  ref. 1 2  a id  is a lso  

described in d e t a i l  i n  ;\ppentiix c . 
ncthod for nrrivinz :it the vnlucs of h 

9 (3+') tnkcs on the smallest w1uc it can for t~ i : t t  particular 

move. nlilt is, i f  

Ilic 
(1' 

f TIE rationale iiscb in t h i s  

is t o  pick them such tha t  
(1 

is p i c r a t e d  as i n  cqiiatiori '1.1 then 
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q (?[+'I ntny bc tliougiit of ns :i ftuictiori of tile siiigrc scalar 11 

mid a value of 11 is sought sucli tha t  +(I1 ) + :1IX, 1Iic logic 

bcliind th i s  is tha t  cadi s tcp should y i c l d  tlic grcntcst  possible 

4 

(1 9 

rccluction in 9. 

i n  otlicr worrls each MYC is ortho!:onnl. t o  tlic prc\*ious one, 

cawcs  thc p;ovcs to  zig-zn: and progrcss can .Ix very slow. The 

tcchiiic~uc usctl t o  "lircnk-irp" t h i s  p t t c n i  is t o  occnsioiinlly 

take n i7ow in tjic direction R = xq - x't-' 

This 

s +  -b + 
instead of 76(xq), 

Tius 
-+ 

"il+l a p 1, (.$ - Gq-2) (.14 ct x 

* +1 and again 11 

Tiis t i c 0  stngc a l ~ o r i t l i n  was uscd t o  obtain tiic rcsults for this 

papcr, 

c i cn t ,  

tile function 6. 

posit ive quadratic funiction tlic liypcrcllipsoids which arc  its 

lcvcl sixfnccs nay bc vcry cloiigntcd and narrow. 

tlrcsc Iifi7crsurfaccs 

solution i n  onc stc;,. 'his i dcn  can i)c mathcnnticnlly j u s t i f i c d  

a i d  has led t o  tlic dcvc1oi)rciit of n i p i c ra l i za t  ioii.of the  stccpcst 

is c!ioscii for n riinimm of p(xq 
4 

I t  zcncrnlly works \ic11 Itut in SOIT cascs it is inc f f i -  

?Iie d i f f i cu l ty  sccfrs t o  bc dtic t o  t!tc ccccii tr icity of 

I f  locally q, is inxgincti t o  bc npproxirnatcd by a 

Indccd i f  

sphcrcs thc nctliotl would obtain thc  

t'cscclit iitctIlotI 3s i o ~ ~ ~ ~ ~ s  
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i:ito s:~liercs. I f  i j  is ;~ctu:illy qu:idr:it ic t!wn t!ic c!ioicc 

(4.0) 
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Of course this choice of ' 1  is not c:isy to coiyutc xicl in filct no 

e f f o r t  Ims 1)ccn sa~lcd over CiiiJiii!: thc solution o l  A X = U 

tlircctly i n  tlic c x c  wlicrc 0 

+ +  

is qucitlr:itic. 

A ixtliod ca l led  tlw varinlilc r x t r i c  r;.ct!iod ti!iich siicccssivcly 
-+ 

clcvclops ,111 n;~prosir:ntion to !I as  t!ic scqucncc { xq} 

is g i i w  in refcrciiccs (13) niid (1.1). 

foiuid t o  I.n, qu i t c  cfficicxit a id  i t s  only Jrniibnck SCCIU t o  bc 

the co;iptitcr s t o r n p  re1uircr:ciits for '! :;hic!i gc ts  1nrgc iilicn many 

vnri ablcs ;I rc invo 1 vcd , 

is gcncrntcd 

'Iliis r:ctliocl Ins bccn 

Nicn tlic tiork rcpurtcd 011 in this pnpcr was tuidcrtnken, 

the  cfficiciicy of  the i i c*~ ty  <!C\'Cloj>cd varin1)Ic mntris iwtliod was 

fe l t  t o  bc o f f s e t  by thc ncccssity for large anowits of coi,i;wtcr 

, 
r 

storn::c cn,)acity :ind by thc possiblc nccd t o  use nusil inry sLor- 

age fo r  1;iri;c prohlcns. 

I t  w s  thcrcforc dcciclcd t o  use tlic rrtliorl previously 

1lcscril)cd with the :ittituck that tlic intcgrntcd nctliocl of  

synthcsis and a la lys i s  could bc dcveloyxl a i d  tcs ted  indcpc~idc~itly 

of thc  miiiiniziiig algorithm. 

I t  has dcvclolicd 1ioi~ci~t.r t l i n t  tlic cfficicncy of the 

variable mtric ncthotl WIS undcrcstirintcd and y r h n p s  ,an ordcr 

of mngnitutlc iinprovcmxt in  spccd can 1)c cxpcctcd. Ilicrcforc it 

is  rccomiidcd t l i n t  in furtlicr work I q i  th tlic intcgrntcd. approndi, 

tlic vnriablc mctric rrctliod be cvnluntcd by d i rcc t  conpsrison 

wit11 the scthod uscJ ins t h i s  pnpcr. 
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scqu~ncc considerably is a11 extrapolat  ion from tlic so lu t ion  of 

OW draw-tlom t o  tiic ncxt, 'Ilic iclcn involvcd is sir.:plc; i f  X, 
-b 

is tlic i lcsiyi-mnlysis point  corrcsi,ondiny, to tlic niiiirrura of J, 
-c 

with Fll 

for tlic goal V2 

thc writ goal w t l  X2 corrcs;londs to  thc miriimu;i of J, 
-c + +  

tlicn X, = 2X2 - X, is likcly to bc m a r  a 

(4 . 1 1) 

-c 
ruid supposc y 

a i d  y2 corresponds to t l  = :I, tlicn i f  

is tiic solution to tiiis prohlc!n for h = X 
1 1 

t 

6 :  h l - A  
2 

(4.12) 

-* -+ 3 

*YY, f Y, - Y, (4.13) 
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y2 = 

a id  thus 
m 

4 

A Y, - c ( A i 1  6) ;1 (4.17) 

:<ow i f  A = 2;12 - .r\ = A, - 26 tiicn thc solut ion t o  A y = B j  is 
I-1 

4 

3 
4 -+ 
y3 = ( I  - 2.2;' 6)'l  y1 (4.18) 

I f  26 is "small" thcn 

or approximatcly 

+ + 4 4 

Y3 = Y, + 2A Y, = 2 ;2 - Y, 

(4.13) 

(4.20) 

I f  the matrix A is iiearly n l i n e a r  function of the design 

d, + aZi j  d, ... a s i j  ds a l i j  

arc chnngcd to 

vnriablcs d , ,  ... d, so t!tat 3ij 

and i f  the d.  are  chmigcd t o  d - yi tlicn the a 

aij - 6i j  = ai j  - (alij y1 + aZij y2 ... + asij y,) mJ the change 

di - 2 yi chmgcs aij to a. - 2 6ij. 

$(XJ = 0 thcn, unless a ncv constraint  is encountered, 

g(ZX, - X l )  = 0. 

t ion of X and is associated with XI and bl, is associated 

1 i i j  

+ 
Thus i f  $(Xi) = 0 ,and 

4 l j  

+ + -  
I f  the mcrit c r i te r ion  is a nearly l i n e a r  func- 

+ -b 
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-+ -+ 
t z i t l i  x then :1 = 2'1 - PI wi11 hc nssocintcd rtith X, , 

2 3 2 1  

In thc cvcnt t ha t  thc cxtr:t;mlntion G I I I S C S  n 11c)i' con- 

s t r a i n t  to  IC violatccl tjrc ninirnizcr alcorpritim will scck n nctlr 

X i  Cciicrally the ncs t  cs t rqmln-  

t i on  X, = 2x1 

-+ -* + 
# X3 for  iiliidi + (K,') = 0. 

-+ -+ -* - X,, t i i l l  not cmsc thc snm coiistraiat 

pcnnlty t o  !ecora activc 'Jccnlusc tiic r c s t r i c t  ions cncotuitcrcd 

Iiy S' 

guides tiic proccss nlo!i!g o r  ni:ny from t!ic constrni:its. 

-+ + 
a r c  rcflcctcd i n t o  S , In o thcr  v:ords the cxtrnpolntion 

3 4 



In t h i s  cliaptcr n i t x - r i a l  r e su l t s  ;ire prcscnted f o r  scvcral  

cxnmplc pm!)lccs for cadi  of tftc 0- furictioi~s Jc~cloped in Cinptcr 

111. 

p~o~:rains bascd ii;)on t i icx ;- ftsict ions arid tlic n in in izcr  ;ilpri tlin 

discussed i n  (3ia;>tcr I\’ a i d  in .li>pcnJis C. 

Tlicsc rc su l t s  1in:’c I)ccn ol>t;iiricd usiiij; d i g i t a l  corqutcr 

Tic complctc f inal  

output sliccts arc incluJcd in .\iyJcndix E. 

T;il)lc 1 2  coiitniris :i smxir-y of the coryutcr running t i r m  

f a r  tlic r e su l t s  prcscntcd Ixlo:~. ’Ilte tirvs prcscntcd : i m  thc 

Tortr:m nomirig tirws. l’licsc l a t t c r  arc r c rc ly  thc :\lgol tii:ws 

t ion  tirns of n s inp lc  proSrm coJcd i i 1  both Algol arid Fortr‘an, 

l‘iic cxtrcmc Scncrali ty of tlic .Il~:ol cmpilcr is idcal for 

thc  cxpcrimntal  type of \;or> involved in t h i s  projcct bu t  t h i s  

s:ux gencmli ty  a l so  causes it  t o  producc less c f f i c i c n t  ojxrrat- 

ing program. All of tlic rcsults i n  this paper icrc obtnincd 

with Aly,ol 60 progr~ar-s with the csccption of thosc for t?ic m-bar 

truss which wcrc doiic with Al::ol 58 a f a s t e r  but lcss gciicral 

compilcr whidi Iws ~ C C R  pliascd out of the prcscnt opcrnting 

system a t  Cnsc I n s t i t u t c  of Tcdtnology. 

lhcsc nninin~: t i r c s  a rc  prcscntcd fo r  complctcncss ntid 

cnrc ~ ~ 1 s t  Ix: cscrciscd i n  Jr:aainZ m y  coriclusioits from thcm, 
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'Ilic only tliffcrcncc 1)otv;ccti Cnsc 1 and Cnsc 2 is tha t  

Crisc 1 is h:iscd on :I 1ilic;ir :uinlysis ;nid C:isc 2 crgiloys the 11011- 

lincar m:llysis. For C:GC 1 then, t!ic only n~1Jitional data arc 

the vnlucs of tlic c- fiuictioii control pnrwcttcrs a i d  tllcy arc 

E = 0.0001 s = 0.1 

A = 0.05 g = 0.01 

mthoJ. 'I?ic ;)txviously rc,.)ortcd rcsiilt is 

A ,  = 1.124 in. 

A2 = 0.523 in. 

,I = 1.610 in. 
3 

it = 8.S69 l h s  

For Case 2 thc 0-fimctioii control pnrxctcrs a re  the 

snnc :IS those iisd for Cnsc 1, Iiowscr tlic noiiliiicnr ;uinlysis 

i s  rctnined ;ind tiiis rcquircs thc folloxinz ndditionnl data 

Y = 71.5 ksi )I. = 11 
1 

T?ic results for Cnsc 2 arc also s!iomi i n  Tnblc 2 ,  iiitd they may 

bc cor.i:ini-ed \!ith those obt;iincd i n  Cnsc 1 usins a liiicnrizcd 

analysis.  I t  is iiitcrcstiiig t o  notc tlint in Cntjc 2 tlic displacc- 

mcnts :in gcricrnlly large;, i~iicti is not surprising. 

culnr it is sccii t1i:it tlic stresses u ; u d  u :\IT closc to 

111 pnrti- 

3 1  32 
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iiodulus, rsiiich ir?pl ics n s t  ifriicss that is not nctii;illy ;)rcscnt 

a t  Irir,!icr s t m s s  lcvcls. 

Xcxt coilsiclcr :I thrcc bnr n l w i i w i  tniss suhject to four - 
d i s t inc t  lonrl co;iJitioiis for i.*!iic!i I! = 70 in, a:itl tlic d.  and 

:I 
L 

arc dcsign v:iri:i!)lcs. Xic fotir load conditions arc givcn in i 

I+ = 10 x 10’ k s i  

pi 

Yi’ = 45 k s i  

3 
= 0.1 lSs/in 

Thc r a t i o  ( I ) / t )  
i 

snfcty factcrs for lonJ co,iditions 1 and 3 are  sct to  1.5 and 

is assi!ncd ;I vnlitc of 20. Tic biichling strcss 

tliosc fo r  load conditions 2 zit1 -1 arc  s c t  t o  unity, 
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'Ihc stress limits for load coiiditioris 1 and 3 arc tal;cti to bc 

+ 45 k s i ,  :itid for  10nJ conditions 2 ;ind 

- + 65 k s i  (SCC T:i!)lc 4 ) .  

conditions 1 atid 3 arc  s e t  t o  2 0.2 in. :md fo r  load conditions 

2 aid 4 thcy ; i r c  taken to  I x ,  

fo r  C:isc 3 arc  sliorm in Tn1)lc 4 :UIJ wrc o1)t:iitied using t!ie sam 

+-ficictiori control ;)ar:it:ctcrs as in Cases 1 ant1 2. 

tlic dis;)laccmcnts ;ire a l l  :;v!all and tli;it thc stress 

cr i t ic : i l  i n  I)ucklin!;. 

thcy i i rC takcii t o  Ix? 

Tlic Jisplacciwiit limits, Cor load 

2.0 in (scc Tablc 4 ) .  Tlic rcsu l t s  

Sotc tha t  - 
u is 

12 

:It t h i s  poijit i t  is iiotcd th:it thc stress liriit conccpt 

of deal ing i:ith local I~uckl i n 2  c w s c s  :;ax iiico:isistciicics \shcii 

uscd with spit l tcsis !~ct!iotls. Siq'ly st:itccl t!ic prol)lcri is tha t  

the syntlicsis iwthod caiutot rcJucc ;I rerilwr to  zcro i f  in m y  

load condition it  is siibjcct t o  ncgntivc s t r a in .  

l i n ~ e  hopcd tha t  i f  n rcr.l)cr wrc uruicccssnq~ a s)nthcsis algorithm 

would autom;itically climitintc it ,  

concept f o r  I~iic!iling this 14.1 1 gciicrally not Iiappcn. 

for cxanplc, C;isc 1 aiicl a s s i m  tha t  the thrcc bar dcsign 

given i n  Tablc 2 is thc optirium 1:i-l):ir truss for tlic loads. 

i f  n fourth very sria11 rwi1)cr \s%rc nddetl with say A 

arid d, = 25.0 in. thcn thc ncpitivc s t r a i n  proJnccd by loads 1 

and 3 r,lould cnusc tlic m&r to bucklc and hcncc tltc sytitlicsis would 

bc 

tkc would 

Usiiig tlic strcss limit 

Consider 

Sow 

= 0.02 in. 
- 

4 - 

obliged t o  "beef it up" \ ihCR i n  fxct i t  should cliinirintc it, 
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0 1 1 ~  ~ C I X X I Y  for this problem is tlic usc of 3 mthod 
* 

currently tinder tlcvclopmiit rilicrciii the liiilcr l)uc!Ainc of 

mcr;J)crs is pcnni t tcJ  : u ~ l  t h e i r  post buckling Seliavior takcn 

into accouit, 

to the inte::r;itccl foimilntion. 

could 1)c iiscll as follows; i f  no cxtcnial  tvnsoiis rc ,p i rcd  tllc 

cxistcncc of  a part iculnr rci4)cr tiicii tlic sy i thcs i s  cotild 

rcducc its s i z e ,  

110 rcs t r ic t io i i  a iy ins t  bucking ;inti t h i s  act ion d i d  not cmsc an 

dvcrse rcJistri1)utioii oC forms i i i  tlic sti i icture it. could bc 

siicccssful1y climinnted. 

This ;m;ilysis is iion1iiic:ir lut v:o:ilJ lc~id  i t s e l f  

'Ilie incorporation of this mcthod 

Ulti iwtcly it  i!ii$t bucklc hut i f  there czcre 

Tlic prclininnry rcsu l t s  fi-ori this ;iiiaIysis rxttjiod nr(3 

vcry pi-ootnising ;uiJ vlicn it  i s  con,)lctr: it is rccocmnJcd that  

it bc incorporated i n  n s)7itlicsis cnpability. 

of this J e \ l c l o p ~ i i t  is d i n t  pronptcd the c1it:iiiation 

gcoi-ctric nonlincnri t i e s  iron tlic sccond two 3- function Jcvclop- 

f t  was f e l t  tha t  t rue ,  consistciit s t n h i l i t y  coiitrol, of 

'Ilie irnincncc 

of  tlic 

- 

liotli a locnl :tiid yncrnl ii:iturc vould liavc to  awnit this develop- 

rnciit a i d  that , Iinviiq; sliowi tliat siicli nonlincnrit  ics could be 

liaridled in thc c;isc of  the ri-bar tniss, furtlicr rsork with 
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prohlcn {ins sol\-ctl for  n w r i c t y  of dcs ig i  l i iv i ta t ions  i n  ordcr  . 
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1:ulcr 1)uckliiig s t r e s s  lirnit c r i t i c a l  for ccrbcr I1 in load concti- 

t i o n  1 :uid thc do\.~l\i:lrJ dis!~I:iccrrtit o f  noJc 2 in load condition 

1 cqunl t o  its l i n i t .  

c r i t i c a l  a t  tfic solut ion;  s clever ciii:iiiccr nay or nay not linvc 

bccn ablc t o  prcdict this. 

'T!w othcr  two load conditions arc lion- 

S tar t ing  again iiith tlic s;irx: c!csizn ;uid usin; thc displncc- 

ren t  ;>r-ogran n f ina l  dcsi~;ii .:ins pro.lticc~1 ;IS !:ivcn in T h l c  5 

\;iiic?i \iciidicd 52.6 11)s. 

Joj.iii;inrd disp1;iccimit of  iiodc 2 in load conc!iticn 1. 

*l?iis Jcsi!:n \:as only c r i t i c s 1  in  t h e  

'Ilic J i f ferc:ws i n  thcsc two 3cs igs  core froilt t:iO 

soi1zccs. 

that t!ic rrci~Jit is reduced iri incrcrciits- - i n  th i s  c:isc 54, a t  n 

til:=. nius tlic w i g h t  of 73.6 is 1>rol):hly closc to the optirnim 

nnd 82,G is probably s l igh t ly  lcss  than S? hig!icr tiim optiniun, 

I f  it liaJ bccn consirlcrcd iriportant thc msIicr could have bccn 

ground doini in 15 1 /2% c t c .  incrci:icnts. 

First thc clil'fcrcncr: in  fin:tl ticiC!it is C!UC to tlic fact 

- .  

"lit diffcrcncc in finaI tlcsigns is striking cvcn nl1o:ring 

for the w i g h t  diffcrciicc. 

tha t  riithin limits tfic rntcri:il d is t r ibut ion (givcn n constmt 

tieight) i n  the tn i s s  only wcakly a f fec ts  the s t i f fncs s  a t  node 2.  

That is, tlicrc arc  n vnricty o f  dcsi jys  Iiaving tlic s;ux m i g h t  

iuid sore dcflcction of nodc 2 w d c r  load conrlitioii 1. h 

sccondaiy dioicc night tlmi be mnclc n m i g  tlicse using s o w  otiicr 

cri tcriori  such as tlic onc least iicnrly c r i t i c a l  i n  Etrlcr buckling, 

This can bc a t t r ibu ted  to  thc fact 
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111 order to  test  furtlicr tllc iiypotlicsis t h t  tlic s;irx7 s t i f f -  

iicss could IIC obtnincd i n  t'1is problcm by n w r i c t y  of  dcsi.ps tfic 

pro'oblcni wns run with tlic S;I~IC tlcsigii l imitntions but using tIic 

l inking fcaturc of tlic displacccsnt ;1ro!;ram to obtain n sjmictric 

ctcsily. 

11s. ;ire given iii 'Fal~lc 6. 

vcr t icn l  tlisplnccr!c~it of iiodc 2 in load condition 1, 

Tlic s t a r t i n g  &sign mid thc f ina l  Jcsign u c i ~ l i i n ~  81.0 

.ibis tlesi;;ri was c r i t i c a l  only in thc 

..I sccond set of dcsi:;n l imitations for t h i s  problcn tias 

clioscri (Cnsc 4,ls)  , 

f i r s t  was that  the m n x i r u i  pcniittccl disp1;icci~ciit w;is 

- - 0,05 in. grca tc r  tlimi bcforc. 

L I S C ~  and the f i i i d  clesigi os  obtaiiicd US iiig tiic displacciimt 

pro.qmii only,I,:ci$s 65.1 1i)S os  gi\.cn i n  l'al~lc 7 .  

l'hc orily diffcrcncc ))ctwecri t h i s  and &lie 

0.20 in. 

'Ilic :i:u-v s t a r t i n g  point \ins 

This <!mi@ 

is c r i t i c a l  i n  h l c r  1)iicklillg i n  i-ci:d)crs 4 ,  6, mid 11 in  load 

condition 1 and rz--i-~l)ors 7 mid 9 in 10:id coiitlit ion 2 nnd is 

c r i t i c a l  i n  dis;>lnccmiit a t  iiodc 2 i n  loncl condition 1. 

!\ t h i r d  sct of dcs ig i  l imi ta t ions  for  thc problcm r~as 

chosen to bc itlciiticnl with tlic first set  with thc csccption 

tliat tlic maxiriim pcimittcd disp1;iccrlent IJX 2 0.25 in. (Cnsc 

4.c) 

wci:;hing 55.4 11)s. was o1)tnincd using the forcc-ilis;)loccrlciit 

program mid one v:ci!;liing 56.1 11)s us in: tlic dis;)laccrciit 

program. Ilicsc dcsigiis a r c  givcn in Ta1,lc 3,  

Star t iny  with tlic saclc i n i t i a l  design o s  Ixforc, a &sign 
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‘l’licsc Jcsi;;iis ;iiw cssctitinl l y  Tul.ly strc:;scd, t;i:it is, 

cvcry iwnbcr is c r i t i c a l  ili buckliiiy in ; i t  1c:t:;t o m  l o d  coiiditioii 

aid t1isi)l:iccix)iit 1)oi~‘ids arc not x t i v e .  

o;)tiiiiui is iuiiqiic o r  vciy nc:irly so. 

I t  is bclicvcd that this 

khcn t:ic o;)tii.iiin dcs ip  is f u l l y  strcsscd it:; syntiicsis c;in 

rorc cf f ic ie i i t ly  Iw i)crfoiimI isin(! thc f:i!.iiliar stress ra t io  

.:wthotl, hoi;cvcr it  shoulJ be n o t d  t!int ;is tiic ;)rccccding cs:q)lcs 

shot i t  is not iiswilly j~o:jsiblc t o  s:iy n ;> r io r i  t!int tiic optiniun 

&>sign will bc f u l l y  strcssccl. 

thc 4 load conditioiis sivcn in T:ii)lc !I. 

n d c  of  na;;ncsiun i ~ i t l i  !I = 6.5 x 10 

(7;ltiinn i;crc o1)tninccl nss iwiny  i)ot!i 1 iitcir a i d  nonlincar bclinvior 

of the i-iatcrinl. 
$1 1,7 x 10 

;uiJ mll thickness of the tu!)cs mid 50th COILICUI bucltl iiig and 

10c:~l crip;?ling w r c  CoiisiClcrcJ n s  possiblc fnilurc riodcs. 

mxii:au? :~nd niiiinin:i ;)cn lissiblc s t rcsscs  vcrc takcn to bc 

+ 3,O x 10 arid - 1 , 7  x 10 ;>si. Displnccwit limits mrc not 

coils idcrcd. 

‘Ilic s t iuc turc  is t o  lx, 

;)si mid p = O . ! ) G S  lb/in .. G 3 

I’or thc noiilincnr solution Y v;ns t;iken as 

p s i  ant1 p :IS 3. ‘Ihc dzsigi  var id i lcs  \icrc tlic d i a m t e r  

Tlic 

3 4 

‘Ilic dcsign will obvioiisly be s)rlicx,tric and tlicrcforc i n  tlic 

npi>licntioil of t1ic displnccmnt ;)roy,rnn oiily two load coridi.tioiis 
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iiccLlccl to I)c coiisidurecl (1 :ud 3) m d  thc linkin!: fcnturc r~ns 

uscJ to insurc sy-mtry ,  

for both pn>gr:u.s using thc l inear  nntcrinl  arc .sivcn in Tnblc 

10, I t  trims out titat load coliclitions 1 ;iiiJ 2 arc not nctivc 

a t  thc o;itirur:; tlicy wcrc , Iiowvcr, act  ivc h - i i i g  thc draizc1ool.m 

I i c  stnr ' t inz tlcsigii 3115 f iml  designs 

it  s!iould carry rnrc load :ICTOSS tiic tnrss to tlic o,)positc sic!c. 

'Ric clcsiyi cis c1i;iy;cd from = 7.29, ?$ = D3 = D, = D, = 1.57, 

n l t o p h c r  bccnusc of t h i s  rcsul t .  

bccoixs c?ctcn~inntc niid tlic tecliniqucs of rcf. 11 can bc iiscd 

to find tlic f u l l y  strcsscd-optirliin desigi w!iicli is 

Pcrloving ricrGcr 1 thc t russ  
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D = n3 = D = = 3.10 n6 = n, = = !I = 3.64, 
2 4 9 

T, = T, = T, = T = 0.0113 T, = T, = ‘r = T9 = 0.013 chid; 

i~:ci!:lis 6.26 lbs  xid is I m v i c r  t l m  tile resul t  ohtni:icJ by 

syr i t lmis  1;it.h 1-eri:nl)c.r 1 prcscnt. I t  is also intcrcst ing to 

t o t c  that tiic ful ly  stressccl design wi th  rwibcr 1 omitted 

icivo1vctl botit lonrf corttfi t ioris t-dicrv:rs the opt i r m  docs not. 

5 8 

Tlic rcsul ts  usiiig tlic noli1inc:ir rvtcri;rl properties arc 

givcn in  T:il)lc 11. 

Iicnvicr rcflcctiri; tiic rcJ~iceJ st iffiicss of tlic t:r!iy,ont K J ~ U ~ L L S .  

IS one :.oi:ld cs;>cct, thc result  is 



tlicy arc oiic prol)lcu) t l i r i s  cl iniriat  i i i ~  thc rcpcatct! analysis 

of x i m y  dcsigiis idiicli arc tlicn rcjccterl. 

contain tlic fo l  loY,<iri:; novel clc..ients. 

liicsc tccluiiqucs 

1. i\li iiitcgratcd attack of tlic probXcm. liic 

coi~siJer;itiori o f  thc problcri in tlic iritegratecl space, 

dlile not cn t i r c ly  iicw, Iins not prcviously IXCR 

successfully hnndlcd bcca~isc, :is R rnthcnnticai Iwogram- 

ming problem, it has noIi1inc:ir co:istr:iirits m d  objcctivc 

( i x r i t )  function. 

2. Ilic ciral+L?oI;ii conccpt. ?Tic iden of C011StitUtillg 

the incrit function as xi iricqunlity constraint  yiclcIs n 

minimization problcrn in tlic iiitcgrntcrl space in which the 

function being nininizcd (the analysis rcsidunl) has 9 

hiown miniriw. Tfic qduantngc of this is rcf lcc tcd  in  

the  following. 

-83- 
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3, Vie conwrsiori t o  ;in tmconstrairicJ nininizntion 

problaa i n  t hc  intcgratcd spacc. 

bciiig mininizcd is tlic aiialysis rcsirlual and its ciiriil:iwn 

is hiorm, the  pcnal t y  function nay bc used to transform 

tlic constraints and constiirct ai imcoiistrnincd ninimiza- 

tioii ~)roblcr:i. 

used i n  the t E d  miniriizat ion prot)lcm rdicrc tlic con- 

I:ccnusc the function 

?lie penalty function is not new but xlicn 

multipliers (A's) cannot bc dctcrmincd xitli m y  confidence. 

In  the a;>;)roncli Jcscribctl in t h i s  pnpcr oncc the convcrg- 

cncc c r i t c r ion  for  thc residuals is cstnhlislicd the  A ' S  

may lie c . q l i c i t l y  dctcn.iiiicJ, 

4 ,  l'lic nnnlysis coiivcrgcncc coiit ro l ,  'Flic intc::mted 

mthod makes i t  possiblc t o  apply r a t  ionnl cnginccring 

judgmnts 

analysis ncccssnry i n  rclation t o  t!ic synthcsis problcm. 

in  dcciclin!: the  rlcgrcc of accuracy o €  t he  

Yic body of cqxr ic i ice  gaincJ i n  applying tlic iwthod t o  

actual  prob1cr-s has gci:era.lly sirpportcd the  h o p  t h a t  tlrc 

desired advmtagcs a re  present. The nuui i i ig  of thcsc pro!~lcns 

has a l so  brou~:ht out txo par t icu lar  weakncsscs i n  the mcthod. 

Thcsc arc sunmarizcd below with sugscstcd avcnucs of study. 

1. 

value problcm. 

i n  Chnptcr 111 scctioii E frlilcd rdicn tlic f i r i i t c  diffcrcnre 

llie i n i t i a l  valuc problem and tlic m a r  i n i t i a l  

'Ric true i n i t i a l  value pi-oblcm nttciqitcd 
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r c s id i~a l s  wcrc iiscd in t!ic intcj;r;itcrl crctllod. 

de t a i l s  of tiic rcnson for th i s  has iiot 1)ccn coi::plctcly 

stuclictl, i t  is c lear  that i t  is rclatcd to  tlic propagation 

n a t u x  of tlic analysis ;>rol)Icn. 

; M l c  the 

.I siriilnr d i f f i cu l ty  \ a s  

ciicouritcrcd i n  tlic npp1 icnt ion of tlic :;cncr;il tniss 

projynrs t o  cnritilcvcr I~cnn l ikc stiiictiires, 

tlicsc arc s i n i l n r  t o  iiiitinl wIt!c prohlcrqs ;tnd dicn spi- 

thcs is o 

idi i IC not conpl c t c  1 y f o  i lctl , cis c s t  rcric ly slow 

Til n sciisc 

siicli s t I’IIC turcs ms inidcrt ttkcn, the ry1 thod, 

‘Ilic rcl:itions!iip ix twcn  tlicsc di f f  iciil t ics sug:;csts 

t!int :I tiiomugli study of tlic ~~ :~ t !~c :~ i : i t i c~ i l  p ro ic r t ics  of  

die 5- fiuict ions Cor sidi ;>ro!)lc?s iwiil d bc rwxrding, 

.kiotlicr rcrcrly for t:.c mar ;n-o;in!;:it ioii :>roblcns. r a y  bc 
. -  

found i n  thc a;3;7i icat ioii of tlic wr-ia!~lc t : c t r i c  r k i i r n i z n -  

tioii ~ ~ ? t h d  (SCC 4 bcloi*/). 

2. ‘Ihc tcrriiiiation proI)le~-~. 111 tiic a;>:ilicatioii of 

tlic iiitc!;rntcd r~vthod ;i scquciicc of mri t  goals is gcncr- 

ntcd nnd att:iiiicd, 

nc1iicval)lc go;i1 is se t .  

goal is bcyoiid rcncli i s  prcscntly riaJc o:ily nhai tlic 

m i n i n i x r  finds n nininioq of  9 ( i , c ,  rhcn V$ + 0) idiich 

is not zcro. llic sntisfnctiori of t h i s  tcminntioii 

Ihis scqucnw tcrriinntcs x!im ai UII- 

Thc discovery that tlie ciirrcnt 

c r i tc r io i i  oftcii rcqiiircs a prot r x t c d  conputatioiial 

pcriocl arid wlicii it  is sn t i s f i cd  tlic only infotmtioi: gaincd 
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tli;it i t  is within A 

of t c s  t s wli icli iiave 

tlic dcsigi sp;icc wii 

is that tlic l a s t  acliicvctl goal i s  tlic optii-um (nctunlly 

of thc oi1tir':urn). I'iicrc a nwrbcr 

rcccntly i x x n  ~lcvclopcd for 11s~ i n  

cli dctcinitic r;iicthcr o r  not n given 

clcsign is n local  optirium. 

o r  sii:iilnr ones t1cvclo;)ccl for iisc wi th  thc ititcgratcd 

I f  such t e s t s  can be ad;li)tCd 

rwtliocl a hi-p iticrcmiit i l l  cfficicncy rluriq; the tciminn- 

tioii phnsc will bc obtaiiicd. 

I f  tlic rwsurc of :in iclca is tlic :iiir!)er of  ncig questions 

l'lic folloxiiii: is  it poscs, tlic ititc.qr:itd ixtliorl is n ricli oiic. 

:I l ist  of sorlc cxtctision.;, arcns of ;mssil)lc ir1:>rovcrctit, rloclifi- 

c;itioii, o r  i nvcs t ip t io i i  vliich linvo core to l igh t  i i i  thc course 

of this rcscnrch, 

1.  

control, 

?Iic tlcfficicncv of s t r e s s  licit buckling 

Tliis problcn ]ins been discussed i n  C3i;intcr V 

scction A aid licre it is ri!crcly rcitcrntccl tha t  tlic 

prospects for includiiie tlic nonlincnr nost buckling - 

klinvior  i n  the iiitcgr:itcd mtliod sccn vciy proriisiiig, 

2.  nic poss ib i l i ty  of 1mriJ l i iq  tlic coiistmts 

Tic conversion of  a11 coristrnitits into d i rec t ly .  

pcnnl t ics  wliilc convcnicnt nny be sorrwlint incfficicii t  

i n  tlic cnsc of ccr ta in  constraints. 

arc l i nca r  :io t l u i t  i f  thc rlorc corq,licntcd constraints  

arc  trcntccl usir.: penalty functions, 

functions nay be minimizcd siil)jcct to tlicsc l inear  in- 

'.hiiy constraints 

thc rcsul t ing 
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intcrrclntcd cCfcct y)on tlic cfficicncy of  tlic jlitcgratcd 

mt1ioJ 3113 thcrc arc r i m y  poss ib i l i t i c s  for  study involv- 

ing tlicsc ituu-~!)crs. (>IC cxnry3lc of  swh :VI itivcst i p t i o n  

COCIL'S fron tlic propos:il t o  vnry tlic co:ivcrpIcc c r i t e r ion  

(c) from oiic dr;i\il!os..x to the ticst. 'flius :it tlic 1x:iiitiin~ 

of  tlic dr;iv;-dow seqircticc n looser c r i te r ion  could bc 

npplictl tlinn near the end. 'Ilie ;itlv;i~itn:;c o f  this is 

t l i n t  thc  lcss  s t r inpi t  thc c r i t e r ion  tlic fristcr tlic 

.cotivcrgciicc. 

only as the o;lt iiwn Jcsi!:ti is ;ippmnc!icd, 

qucstioii, of coiirsc, is how to dctcnninc iicnmcss to  the  

optiiwn clcsigii. 

Tic analysis iicctl~ to Ix? really shnrpclicd 

TIic uuircsolvcd 

h o t h c r  poss ib i l i t y  ;iloiig tlic S ; I ~  liiics is the idea 

of varying the dra\:dom iiicrcrictit , 

can bc nccomplisticd arc iwrc c f f ic ic i i t  tfnn small otics, 

Jiowcvcr, gcticr;illy oiic would like tlic l a s t  few to  be m a l l  

SO as to bracket tlic optiniltl? within closer l i n i t s .  

1,ar;:c drawdoms i f  thcy 

An intcrcstitig qucstion involvcs tfic A':; and Q's 



-88- 

I t  thicker" boLuiJs ni<!)t !:ivc sow "mriiiii!f' tha t  n l i n i t  

wns Ix?ing ~.;~i~ro:icliciI. 

idcn thc proccss has not bccii Iinstcncd hut slo~.icd, h o ~ s c ~ ~ c r  

pcr1ia;)s n mrc ori;mizcd sttit!>* ! < d J  1)c f r u i t f u l .  

In 1 1 x 1  i:?irinry ;ittcm;its with t h i s  

4. !lii?iniznt ion tcciuiirpc dcvclo-mcnt. 11s rxnt ioricd 

cnrlicr (ffinptcr I\? ai invcstigatioii o f  tiic vnriablc 

mtric wthod a;)pliccl to tlic 3-  fiirictioii sliould y ic ld  

coiisidcrnMc iniprovumcnt in  s;iccd, 

t o  circtimvcnt the Jisndv;uitnR:c of cxccssivc s torage 

rcquircinciits t ha t  t h i s  iict110d has. 

t o  suspect that  thc tiictric can bc npproximntcd by a 

block diagonal matrix r~liicli fins much sinnllcr storage 

rcqiiircmnts. 

load condition arc ~ i c o ~ i p l ~ d  from evcry otlicr land 

conditions ;md ~ 1 1 a t  thc only caupliiig t l t n t  crtters 

is through thc dcsign vnrinblcs siicgcsts tha t  tlic metric 

I t  pay bc possible 

Ificrc is SOPX: reason 

Thc fac t  tha t  tlic rcsidunls for cncli 



i,i)icIi tuicouplc~ a l l  the cqu:ttions Iins this block 

Ji;i!pnnl form. 

5. Conputcr aided for-rwlat ion. Sincc mcli of t h c  

I m ~ ~ i i  Ialmr cxpcndcd in  solvinc a problcn using the 

intcgrntcd mctliod is tlic rcpctntivc orgxiizcd drudgery' 

iiivoIvcJ i n  tlic fonxrlat ion xid progrnrming oE 0 nnd 

vo 
of  n cosputcr t o  do the progr,mniiic. 

i h t  is suy;cstcd is a ~ j -  function coq)ilcr.  

n coiy i le r  a l l  tha t  tfic eni;iiiccr i;ould need to  do is 

n possil)lc n r c n  of iiivcsti!gntiori is the pro!:raruning 

In other xords 

Kith such 

s t i i q ~ l y  tlic analysis ;uid constr;rint equnt ions and tlic 

conputcr isould construct 3 progrm that :iould compute 

0 ,and P.). lihilc the dcvcloprcnt of such a co:-pilcr is 

not n t r i v i a l  task thc organization of the intc::rntcd 

mcthod is such tha t  i t  can lx, logically tlcscribcd and 

thus progmn~lml. I t  is 1iAcly t l i n t  program SO produccd 

would bc Icss c f f i c i c n t  than tIic "hnnd madef' ones just 

as conpilcd program a rc  usually lcss cfficicri t  th,m 

mchine lniiguagc prop-am, 
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FIGURE 3 THE GENERAL SPACE TRUSS 
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FIGURE 4 A TETRAHEDRAL TRUSS EXAMPLE 
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FIGURE 5 FLOW DIAGRAM OF S I M P L I F I E D  
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FIGURE 4 A TETRAHEDRAL TRUSS EXAMPLE 



FIGURE 7 SHOCK ISOLATOR SYSTEM 
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FIGURE 9 CASE 5 CONFIGURATION 



FIGURE IO GRADIENT DIRECTIONS 



FIGURE I I  STEP OF-H TOO' LONG 



FIGURE 12 THE LINEAR APPROXIMATION TO 
. ESTIMATE MOVE DISTANCE 
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FIGURE 13 THE LINEAR ESTIMATE 
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FIGURE 14 THE QUADRATIC APPROXIMATION TO 
ESTIMATE MOVE DISTANCE 



FIGURE 15- THE ZIGZAG IN TWO DIMENSIONS 



FIGURE 16 THE ANTI -Z IGZAG MOVE 



FIGURE 17 THE COMPLETE MINIMIZATION PROCESS 
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FIGURE 8 0  FLOW DIAGRAM FOR M I N I M  
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FIGURE 18b FLOW DIAGRAM FOR MINIMIZER 
ALGOR i THM 
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i t  ion ];ins iki:recs O r -  O F  

1 100 !I 50 100 150 
2 135 1.55 150 100 50 

IO0 35 0 0 0 3 - - 
TNil,l: 2 

:&mcricnI I'csults 
Cnscs 1 and 2 

-I_ 

k Cnsc 1 Casc 2 

1 
2 N/,\ 
3 

. 4  
5 1  
6 
7 
8 2  
3 
10 
11 3 
12 

14 

16 

18 
19 
20 i4/h 
21 

l3 1 

l5 2 

l7 3 

0.02 
0.02 
0.02 

-70.8 
-70.8 
-70.8 
-70,s 
-70.8 
-7O.S 
-70.8 
-70.8 
-70-8 

3.0 0,01 1 6 
3.0 0.01 1.5 
3.0 0,01 2 ,0  

70 , s  0.7 50.00 
70,s 0.3 50.0;) 
70.8 0.7 -10.00 

70.5 0.7 -10.00 
70.5 0.7 50,Oil 
70.5 0.7 50.00 
70.8 0.7 50.00 
70.5 0.7 50.00 
70,8 0,7 -10.00 

1.171 1.6 
0.540 1.5 
1.573 2.0 
54.43 50.00 
17.73 50.00 

-43.32 -10.00 

-20.61 -10.00 
62.91 50.00 
70.4s" 50.00 
68.35 50.00 
.16.30 50.00 

-22 .34  -10.00 

1.176 
0.454 
1.635 
54.32  
21.07 

-13.29 
66.76 
68,3G 
66.72 
56. 8s 

-47,3Gh 

-22.1G 

- 2 -0.13s 
v2 -0.198 

v3 -0.195 

- u -0.195 -3 

2 N/A 

B 
% 

0. i!M 0.002 0.100 -0,150 
0.133 0.002 0.100 -0,146 
0.1% 0.001 0,100 0.175 
0.19s 0.002 0.100 -0,059 

-20.0 -20.0 
N/.4 ! ] /A  0 0 

t20.0 +?O.O 

?I//\ 8.!)34 
14.00 8.321 

0.100 
0.100 
0.100 
0.100 

-20.0 
0 

+20,0 
x/:\ 

1'1.00 

-0.181 
-0.150 

-0.1l.3 
-20.0 

0 
+ X . O  

3.005 
5.950 

0.13G* 
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’k Qk Load 

ConJ i t ion k ips  I k p - C C S  
1 100 0 
2 
3 
4 

150 0 
70 270 

105 2 70 

xotc: A T i k  = 0; i = 1,.?,3; k = 1,2,3,4 

T,VH+E 4 
Stuwrical !?.csults - C;isc 3 

j k  .case 3 

j 
K X  

j 
n K X  

j *j 
Load 1.B u1 I 
con <I- 
i t i on  

.j sr.wr FIS.\L - 
1 \I 0.01 ‘ I ,  0 0.01 3.00 II.SS7 
2 .‘:/A & 0.01 4 * 0 0.01 1.00 1.92 
3 A 3 0.0 1 4.0 0.01 4.00 2.65 

-4.1. 55 
- 4 .I . 55 
-44 .  55 
-64.35 
-61.35 
-63.35 
- 114 . 55 
-4.1 .55 
-44 55 
-64.35 
-64.35 
- 64.35 
- O.l!)S 
-0.198 
-1.98 
-1.98 
-0.1!)8 
-0.198 
-1.98 
-1.98 
- 2 0 0.0 
- 2 00 . 0 
-200.0 

1.1.55 
4 4 .  55 
4.1.55 
6.1,35 
64.35 
6.1 e 35 
*14.55 
44 , 55 
-1.1 55 
64,35  
64.35 
61.35 
+o. 195 
+0, 138 
+1.9s 
+1.98 
+o . 1!)8 
+0 * 1!)S 
+1.98 
+1.9Y 

+200.0 
+2 00 . 0 
+200.0 

0 , 4  5 
0 .  45 
0.45 
0.05 
0.65 
0.65 
0 .  45 
0.45 
0.45 
0.65 
0.65 
0.65 
0.002 
0.002 
0.02 
0.02 
0 ,002  
0,002 
0.02 
0.02 

2.0 
3.0 
2.0 

-5.00 -26.5 
0.00 - 2 7 . 4  
5.00 28.8 

0.00 -10.9 
7.00 43.2 

-4.00 -17.6 
-.1.00 -15.3 
-4.00 -17.6 
- 5 , O O  -76.1 
-5.00 -23.9 
-5.00 -26 .3  

-7.00 -40.2* 

0.100 0.114 
0.100 -0.003 
0.100 0.208 
0.100 -0.014 
0.100 -0.002 
0,100 0.059 
0,100 -0.003 
0.100 0.059 
0.00 16.1 

20.0 18.0 
-25.0 -17.13 

.u/ A 14.43 
30.0 14**11 



-111- 

T t W E  5 .  case 4 ,:\ 
Itisplacccrnt limits 2 0.15 in.  

:+mbcr I n i t i a l  4 + A l  I-orcc 4,.L? Displace- 
L 

Diaalctcrs I) isplacci~:nt  nx i t  Progrrun 
Program Fina l  Final 
ni am ters ;li a m  tc rs 

1 4.00 3.36 3.87 
2 3.10 2,03 2.44 
3 3.49 2,65 2,50 
4 3,42 2.56 2.50 
5 3,27 2,21 2,22 
6 3.14 2.07 3.00' 
7 3.36 2.0'1 2,32 
8 3.61 2,57 3.23 
9 2.20 1 .41  1,ZG 
10 3.55 3.10 3.00 
11 3,20 2.33 ?,65 

iic ight 106.0 111s. 79,6 IbS, 82.6 lb s  
___D 

blcmber h i t  is1 Final 
I'ti n m  t c  rs -- IXnmtcrs 

1 3,s 3,51 
2 3.5 3,51 
3 3.1 1.S8 
4 3.3 1,35 
5 3.3 1.95 
6 3.1 1.88 
7 3.2 2,09 
a *  3.4 . 3.22 
9 2.2 l . i7 
10 3.2 2,09 
11 3.4 3.22 

---- 

1 8  i gh t 204.1 lbs  81,O lbs, 



-112- 

?Icrnbc r frii t i n 1  llist,lacci!cnt 
Dimctcrs Program Finn1 

IH nivtcrs 

1 
2 
3 
4 
5 
6 
7 
8 
3 
10 
11 

4,OO 
3,10 
3.49 
3,42 
3.27 
3,14 
3.36 
3,6l  
2.20 
3*55 
3.20 

3.93 
2.15 
1.s5 
1.S6 
1.65 
1.56 
1.13 
3.07 
1.01 
2 , 1 2  
2.45 

TIVILE 8 ,  Case 4 . C  
Displaccmnt i i n i t s  0,75 in.  

k r b c r  I n i t i a l  4 .C, 1 Force J .C. 2 Displncc- 
Dinrctcrs 1)isplaccr:ctit m:it i’rogram 

1’rogr.m F i n n 1  Final 
1fi;inctcrs !li;im t c rs  - 

1 4,oo 1-88 1.55 
2 3,lO 1 . 4 1  1.32 
3 3-49 1-68 1.63 
4 3.42 1.s1 1.86 
5 3,77 1 , G O  1 ,G9 
6 3.14 1.57 1 , G l  
7 3.36 O,S8 1.08 
a 3.61 2.68 2.66 
9 2.20 1.02 1.01 
10 3.5s 1.48 1,49 
11 3.20 2,dS 2,50 

I\% i gli t 106.0 lbs. 55.4 lbs ,  56, l  Ibs. - 



T.V%LIJ 3 
Load Conditions for Casc 5 

0.0 0.0 0.0 0.0 
1700.0 -1700,O -1700,O 1700.0 

0.0 0,o 0.0 0.0 

Lo;d b i d i t i o n  3 lmid Coliclition 4 
+ -* 
P I  3 I'2 3 

+ 
. "14 

-b 

*'2 b 

0,o 400a.0 -.IO00 ,0  0.0 
0.0 0.0 0.0 0:o 

-3000.0 - j O O O . O  0,O 0.0 

*r..wii io, cw S , A  __-- 
5, ;- 1 rorce 5..!.2 

Flcmbcr 2is:)lacciwiiL ' I~isplnceincnt 
h i  t i a l  Fill31 Final 

13 t D t 1) t 

1 2.80 0.00s 2.16 0,008 2 , l G  0.012 
- 2  1.07 0.079 1 S1 0,016 1.SO 0.018 

4 1.07 0,079 1 83 0,015 1,SO 0.015 
5 1.07 0,079 1 ,SZ  0,016 1.80 0,018 
6 3.33 0,030 3 5 3  0,017 3,SS 0.016 
7 3,33 0,030 3 59 0,017 3'55 0.016 
8 3,33 0,030 j,59 0.017 3,55 0,016 
3 3,33 0.030 3.53 0.017 3,55 0,016 

k'ciglit 10 34 lbs , 5 3G 111s 6.03 lbs. 

3 1,07 0.073 2.03  0 01.1 1,SO 0,015 
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Ficmbc r I n i t i a l  I:innl 
I) t D t 

f 2.11 0.20 2.03 0.012 

2 1.89 0.016 2.11 0.015 

3 1.89 0.016 2.20 0,014 

4 1.59 0,016 2 3 2 0  0,014 

5 1.89 0,OlG 2.11 0.015 

6 3.00 0.030 3.61 0.018 

7 3.00 0.030 3,G4 0.01 8 

8 3,ou 0 * 030 3 ,GJ 0.018 

9 3.00 0 ,030 3 04 0.018 
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case Progr'm .Uo.of So.oE 1107" Est, 
\'nrial)lcs Active Algol F o r t r n  

Con - niiiriing tine 
strnitits tinic 
a t  q)tit:ium ( scc . )  

--- 1 m-bar t russ  18 2 1 7  

- - -  2 m-bar ' t n i s s  (tion- 13 2-3 SO 

3 m-hnr  t ru s s  (non- 2 0  1 - 2  200 - - -  
l inear) 

1 incnr) 

4, A,  1 ro rcc - Ili si) 1 accncnt 71 2 1.316 ' 283 

4 .A.  z r)isplaccrwilt 35 1 221 4 4 

4 .X. 3 I~isplnccrxnt 33 1 37s 75 

4.1% IXsp1accr:lcnt 33 6 3 94 73 

4, C. 1 To rcc- I h p l  accc!cti t 71 3-11 3160' 632 

4.C.2 Ilisplncemcnt 35 9-11 1532 307 

5. A. 1 Force - Displncemn t 73 1 2  S.168 1700 

S.A. 2 1)isplaccmtit 30 4 -5 3GSl** 730 

5. B Forcc- Displaccmcn t 4 8 10 4 36 99 
(1i0~i1 inenr) 

* Tlicsc times do not inclurlc tcnnination time, 

t Tliis mi was stoppccl a t  G 3 , O  11)s. ,and rcstartccl u s i q  n 2% 
drn;dorm instcad of the 5; ~isccl 11') to  tkit point. 

** 'I?iit; rii:i w:is i : i tcrri i~)tcJ : i t  6 , 6  Itw. ;uid ;icrturl:cd nnJ rc- 
st:irtcd ( w c  tcs t )  _-- 
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1, 

2. 

3. 

4 * 

5. 

6. 

7. 

8. 

3 ,  

10. 

11 a 
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The ni:iiiiiiz:itiori tcciuiirlws used to f ind  the iniiiii:ium of 

JI rcquircd thc coniptntioii of  v+, 

fomulns €or thc coi,iponcnts of vo for  thc thrcc I$ functions 

dcvclolicd i n  Ciiaptcr 111. . 

This appciidix contains tltc 

;I. . liic ni-b;ir tnEs 

+ 2  

+ 2  
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\ 
j = m " + i  

+ 2 A B  USD. (A. 3) 
f '  j 

?; = EI ( l+L)  + 2k-1 

j = m(l+L] + 2k 
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1, 

+ '2 1 
k= 1 

L 
+ 2  c 

k = l  



j1 = r, i , j  = .Vr 
L d  



-122- 

- 2  

- 2  

j' = 2!*tt.L (r-1) + k i , j  = N r  
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c 
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j ’  = A + B + ( i - l ) d  + (k-1)  nod + s 
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160, 
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bc cons itlc rccl as  a s cp r : i t c  problcm. 

It is \el l  b iom t h n t  V +  is ;i vector nonnal t o  thc 

su:;gcsts t l i n t  n iicpit ivc TrnJiclit r;odificatioii process, applied 

rcpc;itcdLy, will lead to  an x for  ~ l i i c l i  q, -+ :!IX. 

fiiiding 11 lwmiiis howcvcr. 

Fi!;. 11,  e will gct 1ar;;er; i f  h is too sixill the prcmxs will 

-t 'Ilic problem of 

I C  i t  is too l:irge, as siiorm i n  

sion to lincnr tcms is 

$(Z) . =  $(?I + { t - Y } V$(Xl) (e. 2) 

- 125- 



-129- 

I,ct + IX sct to  x r o  in IJq. c.3 then f o r  tlic l i i i car  

n~q~roxirnat ion t h i s  vnluc of 11, dcsigiintcrl 11 is givcn by 
0' 

tJ (Y) 
11, = - 

v f j  (2') ' VI) (XT) 
( C .  4) 

lliis is intcrprctct l  ~;coinctricnlly i n  Figs. 1 2  niid 13. 'Illis 

i;ivcs ;in orde r  of mni:iiituclc cs t i twtc for 11, but thc iiiiiimum 

+ (1/2) = (n/4) + (I)/?) + c (C. 81 

!;otc t h a t  a t  T = 0, 

Q (0) = $(Y) = c (C.9) 

Solving cqs.  C.7, C . 3 ,  and C.9 for  a ,  b, a id  c y ie lds  

n = 2 [ $(1) - 2111 (1/2) + 4 4 3 1 '  (C.10) 

11 = - J, (1) + 4 +(l/Z) - 3$ (P) (C.11) 

c = J, (3) 
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and thc ciinirmun is oittniiied iJy s e t t i n g  

( C .  13) 

Tlicrcforc tiic valuc of  1' Tor \;hicit >('I) cqunls n niiiisxun, in 

the rp:iJrntic ;ipprosirnatiort is r1esi::iiatcd 'r mid is given by 
0 

whcrc ]io is g 

i f  thc e n t i r c  

point t o  find 

npproxinntion works wl l  tlicn 

'Iliis rvaiis that succcssivc novcs may be csscnt ia l ly  noma1 t o  

cacti othcr causing tlic path t o  " z i g  zag" (see Fig. 15) a id  tlic 

pmcc.;s tlicii I)ccom q u i t e  slors. IIowwr, i f  occasionally mvm 

arc  m:dc i n  n J i rcc t ion  defined by thc vector 

fi = - 9  (C.17) 
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tlic process m;iy he nccclcr:itcd, 'Ihc rintivntion for  suc!~ a niovc 

is mrc ii i tuit ivc tliai tlicorctic;rl and Fig, 16 givcs ;UI i n s i g h t  

iiito iiliy it ttsunlly Iiorh-s. 

S;,ccifically :i imvc is nndc ;is follows: 

-+ X "  ;(1+2 + 11' ; (C. 18) 

riIic1-c ii' is to !x clctenriiictl. I ' roadiiir :  i n  :i mmier s i r i i ln r  

to that  previously Jisctisscd, c o n s i k r  9 a 1i:icar fulctiou of ii' 

tiint is 

5 (11') = c 21' + f (C. 19) 

fron idiicli i t  follows that  

$ (11) = [o (.?'+2) - 3 ( 3 1  h' + +(?+?) (C.23) 

Lct q(h') Ix. sc t  t o  zcro iii li(l. C . 3  for tlic l inear  nppnsimn- 

tion, this value o f  h ' ,  is clcsiqintcd 11' ;aid is given by 
0 
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?his  gives NI orrlcr of nngiitutlc cstiixttc for  11''  but thc mini- 

m m  vnluc for  $ in  tlic R tlircctioii is  sou~;lit 'lnd n yuridratic 

3i)proxiinntion will hc bct tcr .  Ihcrcforc l c t  
-+ . .  3 

x = 9" + T' 111, 11 IC. 25) 

write 
2 

$(TI} = n ' ( T ' )  + b'T' + c' (C. 26) 

mcl cvnluate $('P) a t  1'' = 0, 1 / 2  nlld 1, then 

o(0)  = $(K -.(1+2) = (C. 27) 

$(i/3) = ( a ' / l )  + (b'/?) + c' (C.28) 

$(l) = a' + b' + c' (C.29) 

Soiviri!; Ilcis, C . 2 7 ,  C , ? 8  :iid C.79 for a ' ,  1)' , ;uid c' yiclrls 

and thc ninimum is o!)tnincd by sctting 

+ b' 0 (C.33) 

'Ihcrcforc the v;iluic of 1" f o r  diicii 

tlic quadrat ic  n;)proxir.tatiori, i s  dcsignntcd '1'' ruid is givcri by 

(T')  cqii;ils a nininiinn, i n  

0 

b' 
T:, = -  7 7  (C. 3 3  

idicrc n' ;nid b' arc obtaiiiccl from Eqs. C.30 :md C.31. Tiic mvc 

then is f inal ly  dcfiiicd by 
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L i s t i n g  of PSI3 
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f 
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, 



Listing of PSI4 



9 1  
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I 

I 
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I 
l Z ) X ( V ) S  

00 

00 

I 
S 
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8 

f 



-15.1- 

s 



3 
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L i s t i n g  of I’3EXTR 



I 





-167- 



-168- 

Listing of I’IIiXi’R 
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. - 1 7 2 -  

’Ihc following arc the corJiputcr output sliccts for Casts 

4 aid 5.. Ilic first item is tRc completc coriputcr output 

for Cnsc 4,X.Z S I I O W ~ I ~ ! ;  tlic i i i i t i a l  ou tpu t  and sulxicqumt 

tlrn\doiai cyclcs :IS rcc11 ;IS the Final output. 

the itcrns arc tlic f i i l ; i l  outpiit only, Tor cacti of  tlic otlicr 

’rhc rest of 
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- 17.1 - 

2 
3 
u 
5 
4 
1 
2 
I 
2 
(1 

3 
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1 1  I t  C O h T R W S  

X I  i i  CObTROLS 

X I  3, CbPrTRGLS 

X I  b i  C O h T n C L S  

a i  s t  C O N T R C L S  

1 

7 

3 

U 

< 

h 

7 

X I  h t  C O h T R L L S  

X f  71  COhTRULS 

X I  81  C L h T R C L S  

k l  0 9  C O h T R C L S  
n 

0 
X 1 1 i I 1  Cr jhTROLS 
10 

I 1  
a i  I I I C G % T R C L ~ .  

1 1  1 2 1  C O h T R U L S  
I 
7 
1 
t( 

5 
6 

? 

0 .  

at13 )  C O N r R G L s  

n 

i n  
1: 

ThE ThfChhFSS OF 3 MEteEhS 

X I  I 8  
X I  31 

X I  b l  
* I  Sl 

X f  7b 
* I  A i  
X f  '4) 
X f l n l  
X I 1 1 1  

X I  131  

a t  31 

a t  h t  

r t t z l  

1 s  VARIARLE 
I S  ~ ~ k f A 8 1 . t  
Is V P R I D B L E  

IS L A h l A B L E  
I5 VAFIABCE 

1s VAPIAULE 

1s V A ~ I A H L E  

1s VAhlABLE 

IS VAhlAULE 

IS V A H ~ A M L E  

15 VAhlb8LE 
13 P R L A T S l b h E O  

-15 P R € I S S I G h f L  
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SIRE cSF S 
HFYhFR LOJD L b h t R  LPPF P TCLfHAhCt 

I 
I 
I 
I 
I 
I 
1 
I 
9 
1 
I 
7 
Y 
7 
Y 
7 
7 
Y 
Y 
7 
7 
9 
Y 
3 
3 
S 
Y 
1 
1 
f 
Y 
1 
1 
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OISIll  CCLHFNTS 
LOAlt  NOOF OIRLCTfVh 

I I  I 
I I  7 
1 2  1 
! 2  3 
I S  1 
I J  ? 
1 1 .  t 
I ' r  z 
1 5  1 
I 5  1 
1 6  1 
1 6  7 
7 1  I 
2 1  z 
P 2  1 
3 1  I 
? J  t 
7 3  ? 
7 u  1 
t u  I 
7 5  1 
3 5  I 
7 6  1 
1 6  3 
3 1  I 
3 1  7 
3 2  1 
3 2  2 
3 3  1 
3 3  I 
3 ' r  I 
3 u  3 
3 5  I 
3 5  3 
3 6  I 
3 6  ? 



- 173- 



L k P t R  LIP'. 
5nnnn.n 
5ntinn.n 
5nnnn.n 
5n11nn.n 
sn11on.n 
5nnnn.n 
5nnm.n 
sn n n n .ii 
5nnnn.n 
5nnnn.n 
5nnnn.n 





C O W R  LIW. 
-snnnn.ii 
-c. r m i n .  n 
-sitonn. n 
-5nnnn.n 
-5nnon.n 
-5rlnnn.n 
-5tinnn.n 
-5nniIn.n 
-5rlnnn.n 
-9itnnn.n - s tin II n . n 



FORCE 
-12n2.n  

-70'1.9 
357.6 
715.5 

120-I.9 
- 5 R 5 . A  

Qf l7 .6  
- 1 f l l a . 5  

30.3 
- 9 2 5 . 3  
inn7.7 

L U L E R  LlN.  
-b I hb9 .n  

-6nh72.0  
-33991.u 

- 3 7 7 9  3 .  I1 
-Yui 16.n 
- U 6 3 U 7 7 . ?  

-2ur~uu.o 
- 2  I wn.  n 
-25392.7  
- Z  i a n 7 . 9  

-ihY?U.h 



TPF bhbLIS1S 

LOA0 C0h01110h'l 
S T R E C S E S  
W P 6 r P  STRESS 

1 7159.1 
P Phin.3 
3 -0721.5 
I. -n>rr1.1 
5 -6P37.9 
A -9752.4 
7 lnUbQ.2 
C -1111371.2 
9 w i n . 5  
ln lnn07.7 
1 1  -1nu29.2 

FLhCE 
2979.U 
Zb5b.h 

-;P72.6 
-2U70.7 
-1Q7b.R 
-2573.1 

253u.n 
-3t31ra.9 
137U.h 
3161.8 

-3 137.5 

,785 

,797 
,181 
.?63 
.7"> 
,354 
.167 
. 3 1 5  
.yon 

. w n  

LLLEn C l R .  
-bo?>1.9 
-30191.5 
- 5 i l - U . 5  
-32778.n 
-:vbrr9.9 
-rr03Ul .9 
-i;>5n.n 
-2P3L6.R 
-1~1P7.2 
-2;S72.3 
-fnOhb.F 

3 1597.U 
-7921.0 

(r 6.493.6 
5 1119.5 
a 998.8 
7 -1706.n 
8 U766.0 . 9 -1u37.1 

i n  0332.3 
I I  - 1 R 7 9 . 0  

01 ZPL PCEHFNTS 
hOOE 

t n.nnnoo 
2 . n i m  
3 ,021135 
U .fluaoz 
9 .na.v7 
d .I12324 

rr55.7 -31i191.5 
-076. l  -57>7u.5 
193fl.5 -3?776.11 
315.u -79LU9.0 
2h3.5 -Un' luI .Q 

-1~32.3 -i>?5n.n 
1510.7 -?R3U6.A 
-574.7 -1r7n7.7 
13hd.7 -?7572.3 
-565.5 - 2 n ~ ~ i . n  

LCXLR CIH. 
-5nnnn.n 
-5nclnn.n 
-5nnnn.n 
-5nnnn.n 
-gnnnn.n 
-5linnn.n 
-5nnnn.n 
-511nnn.n 
-5nnnn.n 
-5nnnn.n 
-5nnnn.n 

LPPER LIP.. 
5nnnn.n 
5nnon.n 
5nnnn.n 
5nnon.n 
5nnon.n 
5nlion.n 
5nnon.n 
snnnn.n 
5nnnn.n 
5nnon.n 
5nnfln.n 



-185- 

LfJ*tR L I H .  
-5nnnn.n 
-5nnnn.n 
-5onnn. n 
-snrrnn.n 
-5nnnn. n 
-srinnn. n 
--nnnn.n - 5onnn. n - 511 nn n . n 
-5nnnn.n 
-wnrin, n 

I 





-187- 



L G x t R  LlWn - 51) on n . n - 5 ii on n . n 
-5imnn.n 
-~nnntl .n - 5 11 nnn .(I 
-5nnnn.n 
-5nnnn.n 
-6  linnn . n 
-5nnnn.n 
-3nnftn.n 
-srinnn.o 



- 1s3- 

LOrtR L I P .  
-5nnnn.n 
-5nonn.o 
-5n~nn.n  
-clunnn.n 
-5nnnn.n 
-5nnnn.n 
-5nonn.n 
-5onno.n - 5rlnnn. n - 5 n on n . n 
-5rinnn.o 

1V 'PER L I P .  
sonno. n 
5n1inn.n 
sn1inn.n 
5nnon.n 
Snnnn.n 
5nnnn.n 
snl1nn.n 
5nnon.n 
5nnnn.n 
5nnnn.n 
5nnon.n 



2 
3 
U 
5 
6 
7 
P 
0 

I I  
i n  

FLhCC 
3fl5M.9 
i S L 0 . S  

-31172. I 
- 2 5 4 3 . 7  - I7Cb. V 
- 2 C 3 1 . 5  

23n5.7  
- ~ n 5 1 . ~  
145b.P 
325e.u 

-31315.0 

.:4u 

.2u0 

.;5n 
- 7 2 1  
. I 9 1  

* 327 
. 126  
. ? O O  
,764 

. I Q ~  

I (ikb0.7 
2 (717.11 
3 -1UUU.V 
LI 7hth.O 
5 tu7l.l 
h 1278.0  
7 -215n.u 
1 US55.b 
0 -u71n.4  

i n  u w 7 . u  
1 1  -Jnh3.+? 

01 <PI ACLYFNPS 
hOnE 

I n.onnu0 

1 .n212r) 

% . n 2 ~ b 8  

I - 0  I556 

U .05uz3 

6 .1'?377 

- 5 s s t y . n  

-3hl12.P 
- 7 J ? C 7 . 9  - I ~ > 2 e .  Y 

-2?IlQ6.k 

- 2 2 5 1 7 . 9  
-fi7n9.3 

-2U37fl.0 
-93Ub. 11 

-2n3n9.7  - 1 9 1  15.2  







-133- 



CASE i + . A . 1  FINAL. OUTPUT 



CASE 4 . ~ 1  FINAL OUTPUT 



- 136- 



CASE !&.A.3 VINAL OUTPUT 



- 13s- 

THf A ~ A C Y S I S  

LOAD COhOlTIOki 
STGEFSES 
MFl*L.FR STRLSS 

I 11440.7 
2 116119.9 
3 -15UU9.5 
b - 1 7 5 ~ 6 . 3  
5 -HC>U.7 
b - 1 3 9 5 0 . 9  
7 Ihh52.> 
b -1U718.t) 
V 18907.9 

l n  lun3l.a 
I 1  -15201.v 

FCkLE 
3 3 1 U . 5  
i "91 .2  

-'!bLJ.9 
-L33+3.3 
- I  391.8 
- c i 7 0 . n  

bbe5.n 
- S 5 1 2 . 2  
19Od.b 

-3252.2 
297o.n 



CASE 4.8 FJffAL OUTPUT 



- 200-  

CASE th.C.1 FINAL OUTPUT 



-701- 

CASE 4 . C . l  PICAL OUTYlJT 



-202- 

4.0.2 YlEhL 3UTYUT 

... . 



-203- 

CASE 4.0.2 PIh'N, OUTPW 



CASE 5.A.1 FINAL OUTPUT 





CAS6 S.A.2 I'IBAL OUTL'UT 



-207- 

CASE 5.0 FINAL OUTPUT 


